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THE CHLORIDE CONTENT OF RAT AURICLE 


By J. F. LAMB 


From the Department of Veterinary Physiology, 
University of Edinburgh 


(Re ceived 28 November 1960) 


In frog skeletal muscle (Adrian, 1960) and invertebrate muscle (Shaw, 
1955), analysis has shown that the intracellular concentration of chloride 
is of the value expected if the ions were passively distributed around the 
resting membrane potential. This view was further strengthened by 
electrical experiments by Hodgkin & Horowiez (1959) and by Adrian 
(1960) on frog skeletal muscle, who showed that the membrane potential 
behaves in the way expected for passive distribution of chloride. 

In cardiac muscle, on the other hand, there is less evidence on the 
chloride distribution. In the older analytical literature, e.g. Lohmann & 
Weicher (1934), Clark, Eggleton, Eggleton, Gaddie & Stewart (1938), it 
was shown that heart muscle contained more chloride than skeletal muscle, 
but this was difficult to interpret in the absence of simultaneous extra- 
cellular space measurements. More recent analyses by Robertson & Peyser 
(1956) and Barclay, Hamley & Houghton (1959), while showing a wide 
scatter of values, suggested that the intraceliular levels of chloride were 
quite high. This was supported by the electrical experiments of Hutter & 
Noble (1959), which suggested that the chloride equilibrium potential was 
appreciably less than the maximum diastolic potential. 

In the present experiments it will be shown that there is a considerable 
amount of chloride in heart cells, corresponding to an equilibrium potential 
of about 47 mV. A preliminary account of some of these experiments has 
already been given (Lamb, 1960a, 6), but some of the conclusions reached 


in these papers were incorrect. 


METHODS 


The animals used were 5-months-old Wistar Albino Glaxo rats, mostly female but with 
a few males. They were fed on ordinary diet and not starved before the experiments, 

The general experimental procedure was to anaesthetize the animal with an intraperitoneal 
injection of urethane, remove the heart and then dissect free the left auricle in a paraffin-wax 
bath in Tyrode solution at 6° C. The auricle was then either suspended from a silver frame 
in Tyrode solution at 37° C in a test tube (and hence left quiescent), or placed in an experi- 
mental bath in Tyrode solution at 35° C and driven at I/sec, and action potentials recorded 
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In a few experi 
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with an intracellular electrode and conventional amplifying equipment. 
yonts the auricles were snipped off the intact hearte and then analysed, with no contact 


['yrode solution. 
Solutions 
: Na 149-3; K 2-7; 
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ution had the following composition (m-mole/I.) 
phosphate 0-4; glucose 5-56. The NaBr Tyrode 
solution by an ¢ 


t; HOO, 11-9; 

w the NaCl in this basic quivalent amount 

m contained (m-mole/l.) choline 160, calcium 1-8, 
All solutions were equilibrated with 95% O, 
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Initial experiments on the 
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"Br experiments 
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ed water and an equivalent quantity ol NaOH was added. An appropriate amount of 
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*Br. When 


Che exact technique of this preparation varied with the activity of the * 


uided 
active the Na“Br was added to the normal Tyrode solution, thus increasing the sodium 
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and halogen content by about 1-2 %. When less active, an equivalent quantity of NaCl was 
omitted from the Tyrode diluting medium. The amount of Br introduced into the NaCl 
Tyrode solution in this way never exceeded 5%, of the total halogen. The final activity of 
this solution was about 20 ”c/rml. 

For the Br efflux experiments the auricles were soaked in this solution at 37° C for 1 hr, 
and then transferred through a series of test tubes containing 5 ml. of inactive Tyrode 
solution. The activity of the fluid in each test-tube, that of the soak-in fluid, and that 
remaining in the auricle was then measured with a well scintillation counter and scaler, 
All the efflux experiments were done at a temperature of 3-4" C (see Results section). 

Che influx experiments were done by soaking the auricles in the active solution, either at 
37° C or at 4° C, for various times, and then following the efflux in the usual way, but for 
a shorter time 

Two experiments were done in which “Br was injected into the intact rat, and the efflux 
from the auricle then followed in the usual way. For this purpose 1 mc of Na®Br was injected 
into the peritoneal cavity of each rat (anaesthetized) and the anima) left for 2 hr (no urine 
was passed during this time). The abdomen was then opened, a sample of blood was removed 
and spun down for the serum, and the auricle was then snipped off and the efflux started 
at 4° C in Tyrode solution. As the influx at 4° C (see Results) waa negligible during the first 
minute, it seemed safe to assume that this procedure gave a measure of the “Br introduced 
into the cells while the heart was in the anima! and was not influenced by being immersed in 


Tvyrode solution 


RESULTS 


Extracellular space. The value for this obtained by sucrose was 25-1 + 0-7 
(s.e. of mean) g/100 g wet weight (1135 g/kg dry weight) in ten auricles 
with a mean wet weight of 14-2 + 0-9 mg and a water content of 77°8 + 0-4 %, 
(3540 g/kg dry weight). The value obtained by the sodium efflux method 
was 24-8 ¢/100g¢ wet weight, after the application of a correction for 
diffusion in the extracellular space (Dainty & Krnjevi¢, 1955). These 
figures agree with that of 25-4, found by Barclay et al. (1959) in perfused 
rat auricles; no other figures were found in the literature for rat auricle. 
It has been assumed that auricles with a water content of 78°, have an 
intracellular water content of 53°, (2410 g/kg dry weight) and an extra 
cellular space of 25%. 

Chloride analysis. The chloride contents of groups of auricles under 
various conditions are shown in Table 1. Also shown is the mean value 
obtained for the serum chloride of four of the rats in group 1. This value 
for serum chloride is close to that of 110 m-mole/kg plasma found by 
Conway & Hingerty (1946). The main points demonstrated are as follows: 
1. When the auricles are exposed to Tyrode’s solution, there is an uptake of 
chloride of the order of 120 m-mole/kg dry weight, that is, about + 70° 
of the initial value. 


2. This uptake occurs over the first 15 min of exposure in driven auricles 


but may take longer in quiescent auricles. 
3. About 40 m-mole/kg dry weight of this chloride increase can be 


97-2 


~ ~ 
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accounted for in terms of the difference in the chloride content between 
plasma and Tyrode medium. 

4. The rest of the increase, some 80 m-mole/kg dry weight, can only be 
accounted for by the increase in the total water content if this increase is 
all extracellular. 

5. The calculated values of intracellular chloride from these results, 
assuming a constant intracellular water of 2410 g/kg dry weight, are 
32 m-mole/kg fibre water in the living animals and 36 m-mole /kg fibre 
water in the soaked auricles (mean of 15 min and | hr). 


Paste 1. Table showing chloride content of auricles and plasma under various 


conditions. T represents normal Tyrode solution 


Cl content 
No. of (m-mole/kg Water content 
Treatment samples dry weight) s.c. of mean (g/kg dry weight) 


» Tyrode 176 { 3340 
0-5 min T at 6° ¢ 225 3610 
15 min T at 37° C ¢ 310 2° 4030 
riven at 0U/muin) 
nin T at 37° ¢ 284 9-7 3680 
- 108 Not measured 
m-mole/kg 
plasma 
Estimation of the intracellular chloride by this method is open to the 
criticism that the result is very dependent on the accuracy of the extra 
cellular space measurement, and on whether the chloride and the sugar 
penetrate the same volume. It was, therefore, felt to be desirable to 
estimate the intracellular chloride in another way. 

One suitable method is to analyse the wash-out curves of chloride from 
vuricles, this giving a direct estimate of the amount of chloride in the 
intracellular compartment (see Shanes, 1957 for a general discussion of the 
technique as applied to nerve, and Dainty & Krnjevié, 1955). Unfortu 
nately chloride has no really convenient radioactive isotope, and use was 
therefore made of “Br, which has a half-life of 36 hr. The justification for 
this was (1) that the total chloride, bromide and iodide contents of auricles 
under similar conditions are the same, (2) that the specific activity of four 
auricles in a NaCl Tyrode solution containing trace amounts of “Br was 
the same as the medium after soaking for | hr, and (3) wash-out curves of 
“Br into a NaBr Tyrode solution gave similar results to those into a 
NaCl Tyrode medium. Nevertheless, the use of **Br as a tracer for chloride 


can only give an indirect estimate of the intracellular chloride and there- 


fore the term ‘apparent chloride content’ of the cells has been used. 
Tracer experiments. In Fig. 1 is shown a typical wash-out curve for an 
auricle at 3° C plotted semi-logarithmically. It is seen that the initial fast 
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phase lasts some 10-20 min, and is then followed by a slower, nearly 
exponential portion. It may be assumed that the initial part of the curve 
represents bromide leaving the extracellular space, and that the slow part 
represents bromide leaving the cells (cf. Keynes, 1954; Shanes, 1957). If 
this is so, then the intracellular bromide content at the start of the wash- 
out can be estimated by extrapolation of the slow part of the curve to zero 


calculated from ™Br content 
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Fig. 1. Loss of labelled bromide from rat auricles at 3° C (upper curve) and 37° C 
(lower curve) after soaking in NaCl Tyrode solution containing trace amounts of 
**Br at 37° C for 1 hr. At the arrow, temperature was increased from 3 to 37° C in 
the upper curve. Slow part of the upper curve fitted with a straight line by eye 
Apparent chloride content of the tissues calculated from the specific activity of the 
medium, assuming that bromide and chloride are distributed in the same way 
Error of counts (+ 2 x 8.8.) was less than the diameter of the symbol used for each 


point. Semi-log. scale. 


time (Fig. 1). This can only be a rough estimate, as it has been shown by 
Dainty & Krnjevié (1955) that the value has to be corrected for slow 
diffusion in the extracellular space. The amount of correction required 
depends essentially on the rate constants of the slow and fast components 
of the efflux curve. Unfortunately in these tissues the fast component 
obtained by subtracting the linear extrapolation from the original record 
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has a complicated form (see Keynes, 1954) and it is therefore not possible 
to apply the correction for diffusion in the extracellular space in any 
rigorous fashion ; but if it is assumed that the initial half of this fast process 
is a fair approximation to the diffusion process then the correction required 
is only a few per cent. No correction has been applied to the linear extra 
polations obtained in this paper, so that probably all the values obtained 
are a lew per cent too high 


600 
500 


sh 
300 F 
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1 ! 
20 25 30 35 40 45 50 


Minutes 





2. Loss of labelled bromide from rat auricle at 3° C after loading the rat with 
radioactive bromide 2 hr before death. Straight line fitted to slow part by regression 
equation. Apparent chloride content of the auricle calculated from the specific 
activity of the plasma, assuming that bromide and chloride are distributed in the 


same way. Errors as in Fig. 1. Semi-log. scale 


With wash-out curves obtained at 37° C there were no separable com 
ponents in eight out of ten experiments. In two cases, however, an efflux 
curve was obtained with a fast and slow component as at 3° C. In one of 
these experiments the efflux curve was repeated, with a similar result. 
As far as was known these auricles were treated in the same way as the 
others, and no reason can be given for this difference. Consequently, all 
the effluxes were measured at 3-4° C, where curves of the type shown in 
Fig. 1 were obtained consistently. 

In Fig. 2 is shown one of the efflux curves from the auricles loaded with 


“Br while still in the rat. From these and other similar curves, assuming 
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the distribution of Br and Cl to be identical, the amount of chloride in the 
cells of intact (beating) and soaked (quiescent) auricles has been calculated. 
The values obtained are shown in Table 2. 

One experiment was done in which the left and the right auricles were 
left connected during the soak-in period, so that the left auricle was being 
driven at about 200/min. This auricle (Table 2) also had the same order of 


apparent chloride content as the others. 


Taste 2. Apparent intracellular chloride contents calculated from “Br experiments. All 
wash-outs carried out at 3° C. All uptakes at 37° C except those indicated. All auricles were 
quiescent except those indicated. In lower part of table each auricle used twice. T represents 
Tyrode solution 
Apparent intracellular 
Dry weight chloride (m-mole/kg 
"Br treatment (rng) dry weight) 
1 hr NaCl T 3-1 64-6 
53-6 
67-9 
42-6 
5O-5 
62°! 
48 
l hr NaCl T j 67: 
(beating at 200/min) 
| hr NabBr T 56-5 
f Ti 
59-5 + 2-8 (s.8.) 
1 min NaCl T 
5 min 
3 min 
Ss min 
lI min NaBr T* 
6 min* 
3 min* 
104 min* 
2 hr in vivo 


* 4° C. + Not detectable. 


Uptake experiments. So far it has been assumed that the cells came into 
equilibrium with the “Br in the Tyrode in the hour’s soak-in time. In 
Table 2 (lower part) are shown the apparent intracellular chloride values 
obtained after uptakes at 37 and 4° C for the times shown. It can be seen 
that after 1 min at 37°C the value reached is already within the range 
found after 1 hr uptake, so that one hour’s soaking should be adequate for 
full equilibrium to be reached. Also, when checked in four experiments, the 
specific activity of the tissues equalled that of the soak-in fluid after one 
hour’s soaking. 

Effect of temperature on fluxes. Figure 1 shows the typical effect of 
temperature on the slow part of the efflux. Table 2 (lower part) also shows 
the effect of a temperature of 4° C on the uptake of “Br by the cells. 
After 1 min no intracellular component could be detected and the greatest 
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value attained during the first 10 min of uptake at 4° C was less than half 
of the value expected at 37° C. 

Intracellular chloride level. The mean apparent [Cl], value in auricles 
soaked in T'yrode solution for 1 hr, taking the intracellular water content 
as 2410 g/kg dry weight, is, from Table 2, 25+ 1 m-mole/kg fibre water. 
That for the two auricles removed from the rat after loading in vivo is 
19-5 m-mole/kg fibre water, calculated for the same intracellular space as 
the soaked auricles. Clearly, then, the intracellular chloride values deter 
mined in this way are similar whether the auricles are soaked in Tyrode 


solution or not 


Tassie 3. Distribution of chloride (m-mole/kg dry wt.) in freshly dissected and soaked 


suricles. The measured extracellular space of soaked auricles is 1135 g/kg dry weight 


Apparent Calculated Extracellular water 
intracellular extracellular required to hold 
Total Cl chloride chloride this chloride 


Freshly dissected auricles 176 47 129 1195 (at 108 mM) 


[ vyrode-soaked auricles 284 60 224 1540 (at 145 mm) 


For soaked and non-soaked auricles both the apparent intracellular 
chloride and the total chloride contents are known, so that the chloride 
in the extracellular space can be obtained from the difference, and hence 
the space required to hold it. These calculations are shown in Table 3. The 
observed extracellular space in soaked auricles is 1135 g/kg dry weight, 
which is some 35°, lower than that required to hold all the chloride. As 
the extracellular space measured by two different methods, and that found 
in the literature, all agree to within 2°, it seems unlikely that an error of 
30°, could be present 

DISCUSSION 

Chloride uptake. The results presented here show that auricles exposed 
to Tyrode solution take up about 70°, more chloride than was originally 
present in them. This uptake takes place in the first 15 min in auricles 
driven at 1/sec, but may take longer in quiescent auricles. In the present 


experiments the auricles also took up water on soaking in Tyrode solution, 


and as the extracellular space was only measured in the soaked preparation 
it is not known which compartment this water entered. If it is assumed 
that all the water increase was extracellular (as suggested by the results 
of Hercus, McDowall & Mendel, 1955) then nearly all the extra chloride 
can be accounted for in the extracellular space. On the other hand, if some 
or nearly all the extra water entered the cells, then this extra chloride 
cannot be accounted for in this simple way. Evidence in favour of this 
latter view is shown in Table 3, in which the calculated space required to 


hold the extracellular chloride in freshly dissected auricles is within 5°, of 
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that estimated in the soaked auricles, whereas the calculated extracellular 
space for soaked auricles is some 35°, higher than that observed under 
the same conditions. If these figures are correct they suggest that chloride 
in soaked auricles becomes distributed in a larger extracellular space than 
is available to the sucrose and sodium. 

In frog sartorius Eggleton, Eggleton & Hamilton (1937) showed that 
the chloride ‘space’ increased from about 14°, in the body to 30%, in 
soaking in Ringer’s solution or on perfusing the limb with Ringer's 
solution. The size of the chloride space in the living frog agrees well with 
the usually accepted value for the extracellular space of soaked sartorii 
(Boyle & Conway, 1941; Desmedt, 1953), so that the increase of the total 
chloride is unlikely to be due to a large extracellular space. Recently 
Adrian (1960) has reported low figures for intracellular chloride in soaked 
sartorii (measured by analysis of “Cl efflux curves), thus making it 
unlikely that the extra chloride enters the ceils. It seems likely, then, that 
in skeletal as in heart muscle there is an uptake of chloride on exposure to 
a salt solution and that this uptake cannot be accounted for in simple terms. 

Intracellular chloride concentration. Because of this uncertainty about 
the distribution of the extra chloride, it is probable that values of intra- 
cellular chloride obtained by calculation from the total chloride and the 
extracellular space in heart and skeletal muscle are unreliable. Thus the 
figures given by Lamb (1960a) for the effect of DNP on the chloride content 
of rat auricle do not now provide any evidence for the active transport of 
chloride. 

With the assumption that bromide and chloride are distributed in a 
similar way in heart, the apparent intracellular chloride contents can be 
used to calculate the equilibrium potential for chloride. In intact auricles 
in the rat the intracellular chloride is 19-5 m-mole/kg fibre water and the 
plasma chloride 108 m-mole/|., giving an equilibrium potential for chloride 
of 46 mV. The corresponding figures for soaked auricles are 25 m-mole/kg 
fibre water and 145 m-mole/l. Tyrode solution, with an equilibrium 
potential of 47 mV. These experiments probably over-estimate the intra 
cellular chloride, and if for example the true values are 10°, lower, then 
these equilibrium potentials would be about 3 mV greater. 

In the living animal the maximum diastolic potential is likely to be 
about 80 mV (80+0-9 mV in Tyrode solution, Lamb 19606), with action 
potentials superimposed on it at a rate of 300/min, each lasting about 
50 msec. This means that the membrane potential will be less than the 
maximum diastolic potential for about a quarter of the total time, and 
therefore it is possible (depending on the permeability to chloride during 
the action potential) that chloride is passively distributed around a 
potential less than the maximum diastolic one, in the living animal. 
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It is not known with certainty what the resting potential in the soaked 


quiescent preparation was, there being no direct evidence on this point 
in these experiments. If heart is like skeletal muscle, then lack of activity 
will not prevent the resting potential from being close to 80 mV. If this 


is so, then the expected [Cl], will be 7 m-mole/kg fibre water, a value about 
a third of that observed. 

In view of these considerations it is not possible, on the present evidence, 
to say whether or not the apparently high value of [Cl], in rat auricle (and 
presumably other heart tissues) is consistent with passive distribution 
across the membrane or due to active inward transport of chloride. It 
seems reasonably clear, however, that the chloride equilibrium potential 
is substantially less than the maximum diastolic potential and, as this is 
maintained during the hour’s quiescence despite a high rate of exchange 
across the membrane, it suggests that the normal repetitive activity of 
the heart has little influence on the distribution of chloride. 


SUMMARY 

1. Experiments have been done with rat auricles, removed direct from 
the animals and also soaked in Tyrode solution. Measurements of extra- 
cellular space, total chloride and apparent intracellular chloride (by “Br 
efflux) have been carried out 

2. Rat auricles take up some 70°, more chloride on exposure to Tyrode 
solution than they contain in the intact animal. 

3. This extra chloride cannot easily be accounted for on the basis of an 
increased extracellular space, nor by an increase of the intracellular 
chloride content. 

4. In the intact animal the plasma chloride is 108 m-mole/kg and the 
apparent intracellular chloride 19-5 m-mole/kg fibre water. In the Tyrode- 
soaked auricles the intracellular chloride rises to 25 m-mole/kg fibre water 
with an extracellular chloride of 145 m-mole/kg. The equilibrium potential 
for chloride in these two states is therefore about 47 mV. 

[ am very indebted to Dr J. R. Greening and the staff of the Medical Physics Unit, 
12 George Square, Edinburgh, for help and facilities given during these experiments; and 


to Dr P. C. Croghan for instruction in the method of chloride analysis 
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The flow of blood in the pulmonary artery is pulsatile but it can be 
analysed, as can systemic arterial flow (McDonald, 1960), by resolving it 


into two components. These are a steady, or mean, forward flow throughout 


the cardiac cycle and an oscillatory flow which fluctuates about that mean. 
The ratio of the mean pressure drop between the pulmonary artery and the 
left atrium to the mean flow has been extensively studied and is defined as 
the vascular resistance. By a similar analogy with the electrical terms for 
alternating current, the relationship between the oscillatory pressure and 
the oscillatory flow at the origin of the pulmonary trunk may be described 
in terms of the fluid input impedance. 

This latter concept has been developed at length in previous reviews 
(McDonald & Taylor, 1959; McDonald, 1960). The term input impedance 
can only be precisely applied to a simple harmonic oscillation at a given 
frequency. Thus, if the pressure and flow created by the heart are measured, 
a Fourier, or harmonic, analysis of both curves is necessary. In the series of 
experiments reported here we have imposed sinusoidal oscillations, gene- 
rated by a pump, on to a steady flow in perfused rabbit lungs. While more 
artificial than the study of flow from the heart, the technique has enabled 
us to make measurements with greater ease and precision over a more 
varied range of frequencies. 

Preliminary communications on these topics have been presented to the 
Physiological Society; that is, on wave velocity (Caro & McDonald, 1960) 
and on the input impedance (Bergel, Caro & McDonald, 1960). 


METHODS 


A series of twenty-four rabbits (2:3—4-6 kg) were anaesthetized with 1.v. pentobarbitone 
(Nembutal, Abbott Laboratories; 30 mg/kg body wt.) and heparinized (1 ml. Roche 
Liquemin containing 5000 i.u.). A rib was resected and the thorax widely excised. The 


animal was bled to death. For perfusion of the pulmonary bed a somewhat angled glass 


* Present address: Department of Medicine, St Thomas's Hospital Medical School, 
S.E. 1 
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cannula was introduced into the pulmonary artery through an incision in the right ventricle ; 
it was held by a ligature just distal to the pulmonary valves. The cannula had a side arm 


(bore ca. 3 mm) which was connected to a manometer. A second cannula was inserted into 


the left atrium through an incision in the left ventricle and connected to a constant-level 
Normally this was held so that the atrium was at atmospheric pressure. A 
Perfusion was carried out with isotonic saline 


reservoir. 
diagram of the apparatus is shown in Fig. 1 
solution in nearly all experiments. In some, Dextran (Dextraven, Bengers Ltd.) was sub 
stituted in an effort to retard the onset of pulmonary oedema, but was abandoned because 


it was without effect. 
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Fig. 1. A diagram of the apparatus used for measuring the input impedance and 
the wave-velocity in the pulmonary arterial bed of a rabbit. A compressed air; 
C cannula; CM capacitance manometers; /M flowmeter; HPR high-pressure 
perfusion reservoir; LP lead pipe; O oscilloscope; P pump; PR perfusion reservoir; 
R reservoir; RR resolver relays, controls and meters; RV reducing valve; WM 


water manometer. 


Oscillatory flow. This was generated by a cam-driven sinusoidal pump designed by Taylor 
(19576, 1959), using the barrel of a 5 ml. all-glass syringe. The output is known to contain 
not more than 2-3 %, of second harmonic. Pump frequencies were held steady by the use of 
a velodyne motor. With 4:1 reduction gearing the frequency range studied was from 3 to 
20 c/s, and a later change enabled us to study the range 1-13 c/s; at frequencies below 3 c/s 
a flywheel on the motor shaft improved the evenness of running. The stroke volume was 
varied between 0-08 and 0-72 ml. in various experiments. The linear displacement of the 
piston was measured by means of a vernier caliper; a calibration curve relating this to the 
volume displacement was made with a micro-burette, and shown to be a straight line. 

In order to ensure that the oscillatory flow created by the pump was identical to that at 
the pulmonary cannula the two were connected by a | m length of lead piping (ext. diam. 
12-5 mm; wall thickness 2 mm) with brass adaptors at either end. To reduce the likelihood 
of air bubbles becoming trapped the apparatus was cleaned with Teepol each day and the 
animal was arranged on a stand so that the pipe ran up at an angle of about 25° throughout. 
Any bubbles moved by flushing therefore became visible in the glass pulmonary cannula. 
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made of Perspex and contained taps where bubbles could be 
autions are important, for an air bubble in the lead pipe can markedly 
and phase of the flow at the cannula relative to that created by the 
manometer will, of course, introduce marked distortion in the 
gher frequencies pressures which are subatmospheric may eaail 
r sucked in——even when the joints appear to be tight 
was created from a 10 |. glass reservoir enclosed in expanded 
> atrn from a compressed-air source. This was linked 
at a proximal end of the lead 
a8 this valve was designed to ensure that 
xdvy flow was measured by recording the 
m: bore 2 mm) inserted in the high 
mer ury I tube sealed to the tw 
lifference against known volume flov 
In nearly all experiments flow was adjusted 
as 10 mm Hg 
er indicates 
An additional ¢« 
of rubber tube clamped at the far end 
and then with the valve open the usual 
No difference could be dete« 
dance of the tube was higher than that « 
mpedance 1 the vi would obviously be raised by subjecting 


sure of 1 atmosphere); hence it was assumed that no appre ible 


be varied, was 
ling the high-preasure reser 


It was also used for mano 


h could be sewitched into the 


enta the lungs were inflated to ar 
wut a run over the whole frequen y range ¢ 
impedance varied very little with the degree of inflation 
ywressure inflation from a respiratory pump (Palmers Ltd) was 
The impression was gained that the onset of oedema occurred 


sed. Lung pressure was measur “i throughout with a water 


ment of pre saure 


us determined by the stroke and frequency of the 

eeded to be recorded, in order to measure the input impedance, 

put into the pulmonary vascular bed. This was measured with a 

Southern Instruments Ltd) attached directly through a three-way 

with the subsidiary perfusion reservoir) to the wide glass side arm of 

As the 400 mm Hg head was normally used the resonant frequency 

nnexions was about 400 c/s and the damping was about 0-02. The 

wed was 20 c/s, therefore there was no appreciable distortion of 

either it ‘ hase. The sensitivity of the manometer was increased in all experiments 

with ar | ke ve s by placing an additional amplifier between the manometer and 
resolver 

The output of the manometer was displayed on a Cossor 1049 two-beam oscilloscope but 

this was principally used as a monitor to ensure that there was no deviation from a sinusoidal 


wave form. Measurements of pressure were rnade through an harmonic resolver (Taylor, 
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19576, 1959). In principle this depends on two half-wave rectifications of the wave by two 


two-pole chopper relays activated by two sets of contacts 180° apart on a wheel driven off 


the cam-shaft of the pump. The two sets of contacts were 90° out of phase with each other 


and two damped centre-reading meters then read the integral value of the cosine and sine 
Fourier components of the pressure wave. The method of calculating the modulus and phase 
of the impedance from these readings is discussed below. The resolver was arranged so that 
it could be switched to the input of a second manometer (when wave velocity was being 
measured); other contacts were fixed on the resolver wheel so that any second and third 


harmonics of the pump frequency could be detected and measured. 


Measurement of wave velocity 


Che apparent phase velocity of a pressure wave is defined by the phase shift of a single 
harmonic component over a known distance, Pressure was measured, as described above, at 
the origin of the pulmonary artery and simultaneously with an additional capacitance 
manometer from a site in a peripheral pulmonary artery. By the use of the resolver the phase 
shift of the wave between these poimts could be determined 

The method of cannulating a peripheral pulmonary artery was as follows: A measured 
length of 1-0 or 1-5 mm bore stiff nylon tubing, threaded over a somewhat longer piece of 
catgut, was passed along the arterial bed until it wedged in a peripheral artery. The tubing 
was then forced through the lung surface and drawn out to the exterior until its proximal 
end lay at the point where it had wedged, when it was secured by an exterior ligature, The 
catgut was then seized at the pulmonary valves and pulled out of the arterial tree; measure 
ment of its length minus the length of the nylon tube then gave the distance between the 
origin of the pulmonary artery and the proximal tip of the peripheral catheter. In the first 
two experiments on the wave velocity the distance was measured externally, but these values 
are not regarded as being so accurate as those measured with the catgut. 

A second capacitance manometer was attached to the nylon tubing which was cut off at as 
short a distance as was feasible. Nevertheless the resonant frequency was less than that of 
the proximal manometer. With the stiffest membrane (400 mm Hg head) it was ca. 300 c/s 
or higher; with a less stiff membrane (200 mm Hg head) it was 150-180 c/s with a damping 
ca. 0-1 or smaller. This is still over ten times the highest frequency used to measure wave 
velocity, and so is regarded as tolerable (McDonald, 1960, Ch. 11), The expected phase error 
at 15 c/s might, however, be as much as 0-1 radians. As the measured phase shift at this 
frequency was often well over 27 radians no attempt was made to correct for phase error in 
the distal manometer. 

Pressure mea nent in pulmonary veins 


A length of nylon tube, similar to that used in the arterial measurements, was passed 


through a small incision in the left atrial appendage into a pulmonary vein and advanced 
until its tip was seen to lie in the region of the confluence of the lobar veins. Pressure 
recording was the same as for recording in the peripheral arteries. The phase shift between 
the origin and the veins was recorded but phase velocities could not be determined, as the 


length of the path through the capillary bed could not be measured 


Sou of error 


The most potent source of error in impedance measurements is the presence of air bubbles, 
The precautions taken to eliminate these have been described. Nevertheless, bubbles did 
occasionally lodge in the lead pipe. If this occurred during a run there was usually an 
unexpected change in the phase of the pressure readings, or possibly a drop in the amplitude 
of the pressure osciliation. Whenever bubbles were discovered the previous readings of the 
run were discarded. 

A second source of error is introduced by the fact that the vascular bed is a non-linear 


system (Womersley, 1957). This is shown by the fact that a virtually pure sinusoidal input 








£50 'G. CARO AND D. A. McDONALD 


gives rise to an appreciable amount of second and even third harmonic. This problem has 
only been investigated very superficially in the present work. The main reason for this was 
the great complication it would have added to the work. In addition, faults developed in 
the contacts for higher harmonics on the resolver. In practice we accepted any results in 
which the output appeared sinusoidal on the monitor CRO. This would tolerate up to 10% 
of second harmon 

rhe development of higher harmonics is due in large part to the oscillatory dilatation of 


the vessels and hence to the arnplitude of the onc illatory pressure developed As the oscil 


latory pressure increases with frequency, with a constant stroke on the pump, these errors 


are much greater at the upper end of the range. In practice we found very little distortion 
provided that the amplitude of the oscillatory preasure did not exceed the mean pressure 
In early experiments with relatively large atroke volumes the pressure swings reached over 
150 of the mean pressure and the wave form became grossly distorted. The inclusion of 


these resulta appears to account for the larger scatter in the input impedance at high fre 


to use a much amaller stroke volume. This raises the converse 

illations Were very amall at low frequencies, ¢.g. if they are 

HO ‘ ' ey may only be +05 em H,O at 1 ¢/s. Such pressure oscil 

vere in ired with the aid of the additional amplifier in the manometer 
When n ired witl manometer designed to work over the range 0 400 mm Hg 
naturally ra i uesti accuracy In fact, both calibration studies and the fact 
reproducibilit Ite were best where the pressure readings were lowest 


round 3-4 c/s pr h this manometer was recording these amall oscillations 


haa been discussed above. Taylor (1959) has also noted 
yin the resolver, although only 1-9 msec, introduces an 
ulians at 20 c/s. As the absolute phase was not « onsidered 
rrection has not been made. In measuring wave velocity these phase 
une for each recording pot and hence not appear in the phase differenc © 
© of error here is in measuring the distance between the recording pointe 
ing this have been detailed above. Estimates made by the catgut 
neasurement might differ by as much as | em and thus in a 4 em 
45) error. In practice the value obtained by the catgut method was 
r« Xp rimentsa w here external measurements only woro used the results 

too high (they were the two highest velocities recorded) 
velocity will be the sum of the true wave velocity and the mean flow 
1959). Over the main part of the arterial bed the mean 
more than 3-5%, of the wave velocity; in the pulmonary 
iv be as much as 30°, of the measured wave velocity and 

needed, 

1 the pump to the proximal manometer was very 
» rigid connexions. It was minimized by constructing all 
r table of tubular scaffolding. The vibrations in the input preasure 
wich higher frequency than the pump oscillation and so were not 
iver. The manometer used to measure the pe ripheral arterial or venous 
usp nded inde pendent! and aa it was attached to a flexible catheter waa not 
subj to vibration Considerable care was taken to see that none of the aemall venous 
ure oO itions were due to this cause by showing that not only were they not in phase 
with the input but that the phase lag increased progressively with frequency Hence it was 


due to a transmission time 
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Calculation of results 

The units for unpedance in this study have been dyn.sec/em*®. That is the pressure 
(dyn/em*) divided by the volume flow (cm"/sec). This unit has been adopted in spite of the 
reasons advanced by Taylor (1959) and McDonaid (1960) for using the ratio of pressure to 
average linear velocity of flow—making the unit dyn.sec/cm*. This has been done because 
of the difficulty of measuring the true diameter of the pulmonary trunk with a glass cannula 
in it, in order to derive the linear velocity from the measured volume flux, Cotton (1960) has 
also argued that the volume flux is a better analogue of electrical current than is velocity 
Kither system is internally consistent 

The rate of volume flow (Q) is determined by the amplitude of the pump oscillation (V) 
and the frequency (f c/s). The amplitude means the maximum deviation from the mean 
position, i.e. the pump puts out + V ml. on forward stroke and withdraws to — V ml. Under 
these circumstances 

2nfx V, (1) 

where |Q| is the amplitude or modulus of the volume flux. As the measured stroke volume 
(V,) is from maximum forward to maximum back, i.e. 2V, for calculation 


Y wf. Fu (2) 


« . 


The pressure records made on the resolver are the integrated values of the half wave 
rectified cosine and sine components. The values actually recorded on meters, A’ and B’, 


are related to the true amplitudes by the following equations (Taylor, 19576): 
1 2/ (A, + $A, + $A,...), (3) 
B 2/7( B, + 4B, + hB,...), (4) 


where A,, A, and A, are the Fourier cosine components of the first, third and fifth harmonics 


and B,, etc., the corresponding sine terms. As we are dealing with a single harmonic oscil 


lation the terms for the third and higher odd-numbered harmonics are negligible. Therefore 
to get the correct value of the Fourier terms A, and B, the meter readings A‘ and B’ have 
to be multiplied by 4. They are also, of course, multiplied by a manometer calibration term 
to convert to actual pressure unite 

Given the cosine and sine terms of the pressure this may be handled as a complex number 
but it is easier to convert into modulus and phase form (McDonald, 1960, App. 1). The 
amplitude, or modulus M is given by Pythagoras’s theorem 


VW (A*+ B*)t, (5) 


and the phase ¢ by ¢ tan’ ' B/A, (6) 
The pressure, P, then is Mcos(wt—¢). It is necessary to determine the correct quadrant 
for ¢ by the signs of the cosine and sine terma, e.g. if both A and B are positive ¢ lies between 
0° and 90° (0 and $m radians); if A is negative and B positive it lies between 90° and 180 
and the angle is 180 ¢. As the phase of the flow is fixed at 0° by the resolver setting, the 
phase of the pressure is also the phase of the input impedance 
As the modulus of the flow is simply determined by eqn. 2 the modulus of the impedance 
|Z| ia |P|/|Q|, or from eqns. 5 and 2 
Z M |(w.f.V,). (7) 
To measure the wave velocity we have a known distance between measuring points, Ax. 
The modulus and phase are recorded at each point as described above. Then the difference 
in phase between the two points, Ad, represents the time (expressed as a fraction of a cycle) 
for the wave to travel between the two points. The apparent phase velocity c’ averaged 


over this interval then will be 


2n.f. az 
Ad 


(8) 
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when Ad is measured in radians. If it is measured in degrees then 360 should be substituted 


for 2a 


The interpretation of these results is made on precisely the sare basis as that of oscillatory 


flow in the systemic arterial system (McDonald, 1960, Ch. 10). In a system of branching 
tubes the occurrence of wave reflexion is inevitable. In such a situation the input impedance 
will not only be determined by the calibre of the vessels and their elastic properties but also 
on the length of the system from the origin to the main reflecting sites. The unit of length 
that we are concerned with is the wave-length, i.e. the wave velocity divided by the fre 
quency in c/s. The type of reflexion that we meet in a system subdividing into smaller 
branches is that known as ‘closed-end’, or ‘in phase’. This is the type of reflexion that 
occurs when the impedan © INCTOASeS ACTORS & Jur tion (when completely losed, of course, 
the terminal impedance becomes infinite). As it is known that fluid resistance increases with 


subdivision of the veasels, so also does fluid impedance increase, although this effect is smal! 


in the large vessels and only becomes marked in small arteries and arterioles 


rhus, close to a ‘closed’ end the incident and reflected pressure waves are nearly in phase 
and sum together. Flow, on the other hand, is small so that the impedance is high. At a 
juarter-wave-length distance the incident and reflected waves are 180° out of phase and 
end to cancel each other out, so that pressure oscillation is at a minimum while flow is at a 
Che input impedance is, therefore, at a minimum. Maxima and mimima there 
eed each other at quarter-wave-length intervals. With a system of fixed anatomical 
the wave-length is dependent on the frequency of the oscillation, so that the first 
um to be found can be used, if the wave velocity is known, to define the distance at 
he main reflexions are occurring. Because the waves are damped in travel the nearer 
the larger are the incident waves and the smaller the reflected waves 
iat successive cancellation and summation of the waves produce smaller fluctuations 
\ demonstration of these effects was made on a simple model consisting of two rubber 
Che proximal tube connected to the pump was 120 cm long and had a bore of 0-6 em 
1440 erm /sex Into ite end was fitted a thicker-walled tube of 
which had a wave velox ity of 2230 cm/sec. The distal tube was c« mpletely 
far end but was 7-5 m long to minimize the effect of reflexions from that end 
yut impedance measured in it is illustrated in Fig. 6. It can be seen 
s given that the proximal tube was one wave-length long at ca. 12 c/s and at 
inimurm in the amplitude of the impedance representing the quarter wave 
There fi a maximum at 6 c/s (half wave-length) and another minimun 
juarter wave-| th). This is very similar to the behaviour of the input 
ymnary bed, except that there is a much bigger variation between the 


odel because it has a much higher reflexion coeffi 


rent 
wns affect the phase shift of the wave and hence the apparent phase 

complex to consider here, but we may briefly distinguish the true phase 
ery long elast tube which is solely determined by the elastic properties 

sumes that the fluid has no viscosity. When filled with a viscous fluid we 
wave velocity, c, but except for very small vessels this may be taken as 

in the presence of reflexions we have the apparent phase velocity, « 
and in regions where the impedance is high and ts below the true 
where the impedance is low. This is only true for the ‘spot’ velocity. If the velocity 
is measured over a long interval the variations in apparent phase velocity are averaged out 
and a value approximating to the true velocity is found. For this reason the values of velocity 
for frequencies representing approximately a half wave-length and longer are chosen as 
representative of the true velocity, ¢,. This averaging of phase velocities over the whole 
system was verified (but not illustrated) in the model deacribed above. The phase velocity 
of these higher frequencies also approximates most closely to the *‘foot-to foot’ velocity of 


& compound wave, such as that of the natural pulse wave (McDonald & Taylor, 1959 
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RESULTS 

The input impedance was measured in 52 experimental runs on 24 
animals. In addition, in 15 runs on 10 of these animals a second pressure 
record was made in a peripheral artery from which the wave velocity could 
be measured. Although, chronologically, these wave-velocity measure 
ments were among the later experiments it is simpler and more logical to 


consider these results first. 








Fig. 2. The variation in apparent phase velocity in the pulmonary arterial tree with 
frequency in a single experiment. In this experiment the distal catheter was in the 


right lower lobe and its tip waa 3-7 cm from the pulmonary valves. 


Wave velocity in the pulmonary arterial bed 


The apparent phase velocity derived from a single experiment is shown 
in Fig. 2. It will be seen that it has a value of 500 cm/sec at 1 ¢/s, but this 
value falls steeply with increasing frequency until it reaches a value of 
85 cm/sec at 4 c/s and thereafter remains relatively stable. There is a slight 
rise above 10 c/s and the velocity at 12-5 c/s is 105 cm/sec. In this experi 


ment the catheter was in the right lower lobe and the interval between it 
and the pulmonary valves was 3-7 cm. 

As explained under ‘Interpretation of results’ in Methods (p. 432), the 
high apparent phase velocities at low frequencies are due to the presence 
of reflexions occurring at less than one quarter wave-length distance and so 
give no measure of the true wave velocity. At higher frequencies, however 
the interval is a considerable fraction of a wave-length and the effect of 
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reflexions is averaged out. The flat part of the curve is, therefore, taken as 


the characteristic wave velocity of the system over the interval measured. 


A summary of all results of the 15 experiments is shown in Fig. 3, which 
displays the average value together with the s.z. of the mean. Results are 
also averaged for mean values of the frequency, e.g. the values at 4 c/s are 
for all readings in the range 3-6—4-5 c/s. The intervals over which these were 
measured ranged from 3-2 cm (when the catheter was in the middle lobe) 
to 7-0 em (when in the tips of the upper or lower lobes). The mean value of 





i i l j 
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Frequency (c/s) 





Fig. 3. Graph summarizing all measurements of wave velocity in 15 experiments. 
The mean values are shown by the open circles and full line; vertical bars show 
s.£. of mean. Each point averages all values at a mean frequency over a range 
f 1 c/s, e.g. the point at 4 c/s includes all results between 3-6 and 4-5 c/s The mean 
nterval between measuring points was 4-3 cm (range 3-2—7-0 cm). The mean wave 


velocity between 6-0 and 11-1 c/s was 83-3 cm/sec + 5-7 8.8. 


the interval was 4-3 cm. In the whole series it will be seen that a relatively 
stable value is not reached until 6 c/s and at low frequencies the apparent 
velocity is much higher. The mean value for the frequency range 6—11-1 c/s 
is 83-3 em/sec + 5-7 8.8. From 11-1 to 14 c/s the mean value is 93-3 cm 
sec + 11-1 S.8 

Velocities measured in arteries in the upper and lower lobes tended to 
be higher than those measured in arteries in the middle lobes, where the 
path length was shorter. In the latter, stable values were not reached until 
a rather higher frequency and this is attributed to the fact that a short 
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interval did not exceed a quarter wave-length until these higher frequencies 
were reached. This is the main reason for the large scatter at 3 and 4 c/s 
in Fig. 3 for the values of all experiments over widely differing intervals. 

The lower wave velocity observed in the artery to the middle lobe is 
probably due to the wave velocity being lowest in the main pulmonary 
artery and becoming progressively higher as the arteries subdivide (see 
below). As the wave velocity measured over the whole interval is a 
weighted mean of the velocities in each successive segment, the relatively 
shorter secend- and third-order arteries to the middle lobe will not increase 
the mean velocity as much as the longer small arteries in the upper and 
lower lobes. 

Some support for this suggestion was given by measurements of the 
phase velocity made after the catheter had been pulled out for successive 
short intervals from the pulmonary valves. No great weight can be 
attached to these results because the accuracy of measuring small intervals 
in an easily extensible organ such as the lung is not great, and the technique 
was only used in one animal. The values obtained in this experiment were 
as follows: with interval 2 cm, i.e. within the pulmonary trunk, mean 
velocity 55-1 cm/sec; interval 3-2 em, velocity 61-6 cm/sec; interval 4-2 em, 
velocity 66-3 cm/sec; interval 5-5 cm, velocity 79-9 em/sec. Velocities are 
mean values for the frequency range from 5 to 9 c/s. The volume flow was 
3-3 ml./sec and as the main pulmonary artery was ca. 0-6 cm in diameter 
the linear velocity of the steady flow was ca. 12 cm/sec in this artery. 
From the findings of Patel, Schilder & Mallos (1960) in the dog it would 
appear that the cross-sectional area of the right and left pulmonary arteries 
together may be less than that of the trunk. Thus the correction for steady 
flow velocity will be at least as high in these vessels. This suggests that the 
true value (see ‘Sources of error’ in Methods, p. 430) for wave velocity in 


the main pulmonary artery is about 45 cm/sec, or almost half that for the 
whole bed. As even over the full interval we were still only recording in 
arteries of 0-1—0-15 em diameter, the flow-velocity correction may still be 
appreciable and all values recorded may be a little higher than the true 


wave velocity. 

In one experiment the effect on wave velocity of altering the mean 
pulmonary artery pressure was tested. At 10 mm Hg the mean value of 
eleven observations in the frequency range 6-10 ¢/s was 87-6 cm/sec; with 
the arterial pressure at 20 mm Hg the mean value of the velocity (five 
observations) was 85-7 cm/sec. This suggested that pulmonary wave 
velocity did not vary significantly with mean pressure over the limits of 
what we presumed was the normal range, so that all other observations 


were made at 10 mm Hg. 
The average wave velocity into all parts of the pulmonary arterial bed 
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may thus be taken as ca. 80 cm/sec. This enables us to predict the wave- 
lengths of oscillations that are imposed on it. Thus at 4 c/s the wave-length 
is 20 cm and a quarter wave-length will be 5 cm; at 8 c/s these distances 
will be halved, and so on proportionately. These dimensions are important 
in interpreting the behaviour of the input impedance. 


1 
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Fig. 4. The values of the modulus of the input impedance in a representative 


experiment, showing the variation with frequency. Rabbit, 3-1 kg. 


The input impedance of the pulmonary bed 

The results of a single experiment are illustrated in Fig. 4. It can be seen 
that the highest value of the modulus of the impedance is at 1 ¢/s, when it is 
i-6 x 10° dyn.sec/em®; with increasing frequency it falls to a minimum 
value, at 4 c/s, of 0-37 (the true minimum is probably slightly below 
t c/s). Thereafter it rises to another peak value, at 9-5 c/s, of 0-89 and then 
decreases to 0-35 at 12-5 c/s. From other experiments it can be predicted 
that this is close to another minimum and that the values would rise with 
increasing frequency. If the value at 12-5 c/s was a minimum, it can be 
seen that the peak value at 9-5 occurred at rather more than twice the 
frequency of the first minimum and that the second minimum fell at a little 
over three times this frequency. This suggested that the minima were 
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falling at frequencies representing the quarter and three-quarter wave- 
length situation and the maximum at a half wave-length for the system. 

A graph summarizing the mean results of 52 experimental runs is shown 
in Fig. 5, together with the s.z. of the means. As in Fig. 3, the values have 
been averaged for frequency, i.e. the value for 6 c/s includes all results 
between 5-6 and 6-5 c/s. Considering that there has been no weighting for 
differences in size of animals or variations in resistance the scatter up to 
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Fig. 5. Graph summarizing all measurements of pulmonary input impedance in 
52 experiments on 24 animals. As in Fig. 3 the results have been grouped according 
to frequency at | c/s intervals and the mean frequency taken for each group. 
Average values of the input impedance are given by the open circles and solid line; 


vertical bars show the 8.x. of mean. 


15 c/s is remarkably small. The larger scatter in the higher frequencies may 
be partly attributed to the fact that fewer experiments were done in this 
frequency range, and they include a number of results that later standards 
would have rejected because the oscillatory pressure exceeded the mean 
pressure (see ‘Sources of error’ in Methods, p. 430). 

From the whole set a similar pattern to that seen in Fig. 4 emerges. The 


impedance is high at low frequencies and falls to a minimum at 3 c/s. It 


rises again to a maximum at 8 c/s, falls to another minimum at 13-8 ec/s, 
rises to another maximum at 15 c/s and thereafter decreases up to 21 ¢/s. 
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The precise values for the main points of possible interest are given in 
Table 1. 

If the value close to 3 c/s is a minimum in input impedance such as 
occurs at a quarter wave-length in a system with reflexions then we can 
derive an estimate of the average length of the system. Taking the average 
wave velocity of 83-3 cm/sec then a quarter wave-length at this frequency 
is 6-96 em. This may be compared with the value of 6 cm that Engelberg & 
Du Bois (1959) took as the average length of the arterial bed in the rabbit 


el 


lung. If this were a simple system (e.g. Fig. 7) there would be a maximum 


Paste |. Some mean values of input impedance measured in 


52 experiments on perfused rabbit lungs 


Mean Impedance 
frequency (dyn. sec 8.B. of 
c/s) em~* x 10°) mean Comment 


1:14 1-88 0-18 
2-99 0-79 0-08 minimum 
6-05 27 0-16 ? subsidiary maximum 


27 
8-19 1-39 0-16 maximum 
11-1} 1-01 0-12 ? subsidiary minimum 
12-39 1-20 O-14 ? subsidiary maximum 
13-81 0-04 0-18 minimum 
14-87 1-54 0-44 maximum 


representing a half wave-length at 6 c/s. Reference to Fig. 5 and Table | 
shows that there is a hint of such a peak here, but that it is overshadowed 
by the maximum occurring at 8-2 c/s. The three-quarter wave-length 
frequency would then be 9 c/s, where a minimum should occur (the nearest 
suggestion of one is at 11-1 c/s) and the whole wave-length maximum at 
12 c/s (possibly suggested by the fluctuation at 12-4 ¢/s). 

The maximum in the middle range is at 8-2 c/s, and if this is a half 
wave-length maximum then the minimum at 13-8 c/s would fit fairly well as 
its corresponding three-quarter-wave-length value. This would correspond 
to asystem length of 5-1 cm. This is also quite a reasonable figure of distance 
to the arterioles compared with the mean distance of 4-3 cm to arteries of 
1-}-1-5 mm diameter recorded in the experiments on wave velocity. It is 


possible that reflexions from the closer arteriolar beds become dominant 


at the higher frequencies because, owing to the shorter length of path, 
damping of the waves in travel is less marked. The fact that the wave 
velocity tends to rise appreciably with frequencies over 10 c/s would also 
cause the wave-length to increase and so prevent the maxima and minima 
falling at exact multiples of the quarter-wave-length frequency. 

The main conclusion is that the fluctuations of input impedance are due 
to reflexions. Considering the great range of distances to the peripheral 
arterial bed from the pulmonary trunk that is present in the lung it is more 
surprising that a definite pattern can be detected rather than the fact that 
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maxima and minima do not occur with the exact regularity of a simple 
model. The type of oscillations seen in such a model is shown in Fig. 6. It 
consisted of a length of rubber tube terminating in another tube of smaller 
bore and stiffer walls. The reflexion coefficient was estimated by means of 
Womersley’s (1957) formula and estimated at 0-65. This is much higher 
than our results suggest for the pulmonary bed (rough calculations indicate 
a figure of ca. 0-25) so that the fluctuations in the amplitude of the impe- 
dance in the model are far greater than in the pulmonary bed. The simi- 
larities between the two systems are, however, quite easy to recognize. 
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Fig. 6. The behaviour of the input impedance in a simple model with a single 
reflecting site. This shows marked similarities to the pattern seen in the pulmonary 


vascular bed (e.g. Fig. 4). 


We do not present detailed results of measurements of the phase of the 
complex fluid impedance because a considerable diversity of pattern was 
seen in different experiments, and it does not appear that any useful 
information can be gained from its analysis. In a model with a single 
reflecting site there is a phase lead at low frequencies which falls to a value 
close to zero at the quarter-wave-length frequency, i.e. at the minimum of 
impedance amplitude. Following this the phase lags progressively to a 
point midway between the minimum and maximum, and returns to zero 
at the frequency of the next amplitude maximum. It then reverses once 
more and becomes a phase lead, reverses again at the three-quarter-wave- 
length frequency, and so on. Minor oscillations of this sort were observed 
in many experiments but in others they were quite overshadowed by a 
progressive reduction of phase lead as the frequency increased. Inter- 
pretation of results is further vitiated by the fact that, as measurement of 
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the phase was not originally a matter of interest, insufficient care was taken 
to ensure that the signs of the Fourier components were accurately 
recorded. 

Relation of impedance to vascular resistance 


In a previous communication Bergel et al. (1960) said that there appeared 
to be no obvious connexion between the impedance values and those for 
the pulmonary vascular resistance. This was based on a superficial com- 
parison of the scatter of these two measurements. The measured range of 
resistance was from 2-0 to 22-0 x 10° dyn.sec/cm®. As the mean pulmonary 
artery pressure was almost always 10 mm Hg this represented flow rates 
of ca. 5-0-5 ml./sec. Thus the lowest resistance values in this range alone 
may be taken as roughly corresponding to normal values, i.e. a flow of 
300 ml./min (Dittmer & Grebe, 1959). All animals were used until there 
was marked pulmonary oedema when the flow became too small to measure, 
with any precision, on the meter in use. The resistance was then classed as 

very high’. In the first experiment in which Dextran was used the 
resistance immediately became immeasurably high, apparently due to 
embolization of small vessels with agglutinated erythrocytes, as tests on 
microscope slides showed marked clumping of red cells with the Dextran 
in use. More normal values of resistance were obtained in later experi 
ments when the vascular bed was perfused with saline solution for several 
minutes before starting the Dextran infusion. 


Tasie 2. Relationship between the amplitude of the input impedance and the 


vascular resistance of the pulmonary vascular bed at varying frequencies 


Correlation 


Frequency No. of Regression line coefficient 
c/a) expts (Z - a+b6(R)) (r) 


1-0 0-483+40-137R 0-97 
2-0 0-430 + 0-060R 0-94 
30 ‘ 0-541+0-018R 59 
1-0 0-652 + 0-0001LR 0-001 


The interesting value of impedance to compare with the vascular 
resistance would be the impedance of the ‘resistance’ vessels. In so far as 
we consider the bed as having a partially closed termination, the impe 
dance of these vessels is a terminal impedance. The closest approximation 
we can make to measuring this is by studying it at low frequencies when 
the length of the system, in terms of wave-length, is shortest. The corre 
lation between the input impedance and the resistance in all experiments 
in which measurements were made at 2 c/s or below. and in which the 
resistance was recordable, is given in Table 2. 

It can be seen that a satisfactory degree of fit for the regression lines is 
only found at | and 2 c/s. It will be seen, however, that the slopes show 
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that the rise in impedance is much less than the corresponding rise in 
resistance. This implies that the behaviour of some of the resistance 
vessels does not influence the terminal impedance significantly. 

At 1-0 c/s the length of the system was about 1/16 of a wave-length as 
the impedance minimum fell at 4 c/s (1/4 wave-length) in this selected 
series. The highest ratio of impedance to resistance at this frequency was 
1-13: 2-13 or 53%. The average value for the 5 experiments where the 
resistance was reasonable—below 4 x 10° dyn.sec.cm~°—was 0-98: 3-23 or 
30°. The ratio at the highest resistance recorded was 3-7: 22-0 or 17°. 
This illustrates the observation that impedance does not vary directly 
with resistance. Even so, all these values are greater than the corres 
ponding ratio in the femoral bed, which is about 10°% (MeDonald, 1960, 
Ch. 10). As the impedance increases very rapidly with reduction of 
frequency below 3 c/s it may well be that a value of 53%, at 1 ¢/s, for 
example, may represent a true terminal impedance that is quite close to 
the vascular resistance. 

It should be emphasized that most of the changes in resistance we 
recorded were due to the gradual onset of pulmonary oedema, so that no 


physiological inferences can be made from these results. The preparation 
we used was not suitable for the investigation of vasomotor activity. In 
one experiment we did infuse noradrenaline (a total of 0-5 mg in a total 


flow in the run of 50 ml.) which caused a rise in the input impedance at 
2-8 c/s from 0-6 to 0-97 x 10° dyn.sec/cm®. The resistance, unfortunately, 
was very high and could not be recorded. No effect on imput impedance 
could be detected with infusions of acetylcholine. 

The virtually complete lack of any relation between impedance and 
resistance at 3 and 4 c/s emphasizes that in a system with partial reflexions 
and viscous damping there is no simple relation between its input impe- 
dance and the behaviour of its termination. In a simple system an 
increase in the terminal impedance will cause a reduction in the impedance 
at the quarter-wave-length minimum so that one would expect a negative 
slope to a regression line. However, as Table 2 shows, no significant 
regression line can be drawn from the values we have recorded in the 


pulmonary bed. 


Amplitude of pressure in peripheral pulmonary arteries 
In the course of measuring the wave velocity in the arterial bed records 
were naturally also made of the amplitude of the pressure. Averaged over 
the whole frequency range the amplitude of oscillation was slightly higher 
at the periphery than at the origin, but the difference was not statistically 
significant. Around the frequency of the impedance minimum, however, 
the amplitude at the origin falls and becomes appreciably less than that in 
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the periphery (Fig. 7). For this reason we should expect a certain amount 
of peaking of the fundamental component of the naturally formed pulse 
wave. The ‘peaking’ observed is not, however, as marked as in the 
systemic system. it may be noted that the peripheral pressure was 
measured with the ‘end’ of the catheter and would, therefore, tend to be 
higher than a lateral pressure record because of the additional kinetic 
energy. With the low flow velocities that we may expect in such small 
vessels it is unlikely that the kinetic correction would be measurable. 


Oscillatory pressure in pulmonary veins 


Pulsatile venous pressure was recorded in lobar veins through a nylon 
catheter passed retrogradely from the left atrium. Over the frequency 


range 3-5 c/s the mean of 7 experiments was 0-62 cm H,O0+0-12s.8. In 


the same experiments the average amplitude at the cannula was 2-52 cm 
H,O + 0-32 s.2. Thus the venous oscillation was rather less than 25°, of 


that at the pulmonary valves. However, in many of these experiments 
resistance was considerably above what might be regarded as normal. It 
was found that the venous oscillatory pressure varied inversely with the 
vascular resistance, so that the normal ratio of venous to arterial pressure 
must be considerably greater than this. 

A more interesting estimate of the amount of the arterial oscillation that 
passed through the capillary bed was given by comparing the oscillation in 
the peripheral arteries with that in the veins. The results of 6 experiments 
are shown graphically in Fig. 7, where the pressure oscillations at the 
origin of the pulmonary artery, in a peripheral artery and in a lobar vein, 
are compared. The average values at these three sites at the frequency of 
the impedance minimum were 1-56, 2-05 and 0-42 em H,O respectively. In 
the case with the lowest resistance (2-2 x 10*) the values were 1-55, 2-0 and 
0-90 em H,O. The pulsation in the vein was then 58°%, of that at the 
origin and 45°, of that in the peripheral arterial bed. 

In some early experiments the flow from the atrial cannula appeared to 
be pulsatile at low frequencies but we thought it probable that this was 
due to vibration from the pump. No pressure oscillation was detected with 
the catheter tip in the atrium. 

As was stated in Methods, no accurate measurements of wave velocity 
were possible from artery to vein as the length of the pathway was un- 
known. When we assumed a distance of double the interval between the 
origin and a peripheral artery the value obtained was about half that 
recorded in the arteries, i.e. 30-40 cm/sec. While a reduction of wave 
velocity during passage through the very narrow resistance vessels is to be 
expected (McDonald, 1960, Ch. 9) this evidence merely hints that this 
viscous effect is operating. The presence of this factor is supported by the 
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fact that the velocity tended to be lowest at low frequencies and climbed 
to a steady value with increase of frequency. It thus contrasted with the 
behaviour of the arterial velocity, which was very high at low frequencies 
(Figs. 3 and 4). The artery—vein velocity pattern is similar to that in a tube 
where the viscous effects are marked and reflexion is negligible. The main 
practical value of calculating these approximate velocities to the venous 
bed was to ensure that the phase shifts observed were consistent with a 
definite transmission time and that the apparent venous pressure recorded 
could not have been due to vibrations of the manometer transmitted from 
the pump or the direct effect of pulsations in contiguous arteries. 
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Fig. 7. A comparison of the amplitude of the oscillatory pressure in various regions 
of the pulmonary vascular tree. The results are for 6 experiments in which this was 
measured at three sites. Results are shown for the frequency of the first impedance 
minimum (3-4 ¢/s), i.e. when the oscillatory pressure at the origin was least in 
comparison with that in the peripheral arteries. At double this frequency when 
impedance is at a maximum the oscillatory pressure at the origin is rather greater 
than that in the periphery. Mean values are shown by circles with a vertical bar 
to show the s.£. of mean. The venous pressure oscillation in the case with the lowest 
resistance (2-2 x 10° dyn.sec/cm,) is shown by a cross—the corresponding arterial 


pressures fell on the mean values and are not shown. 


DISCUSSION 


When studying the behaviour of pulsatile flow in a vascular bed it is 
insufficient to record the form of the pressure wave, although this is the 
easiest measurement to make. Even if the flow pattern is also measured, 
or derived indirectly, comparisons of the wave forms of pressure and flow 
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can only be made descriptively (e.g. Baxter & Pearce, 1951, described 
waves as ‘rounded’, ‘round-triangular’ or ‘triangular’) unless some form 
of mathematical analysis is used to extract quantitative data. The method 
we use is that of describing a pulse by a Fourier series, i.e. a set of harmonic 
oscillatory components at frequencies which are integral multiples of the 


pulse frequency. At a single frequency the input fluid impedance is then 


the ratio of the oscillatory pressure at the origin to the oscillatory flow. This 
method has been used fruitfully in the systemic arterial bed (McDonald & 
Taylor, 1959; McDonald, 1960). A greater range of frequencies may be 
studied by the technique used in the present work where a sinusoidal flow 
from a pump is imposed on a steady flow through perfused lung. The input 
impedance of such a system is greatly influenced by the wave-length of the 
oscillation and this is determined by the frequency (which is known) and 
the wave velocity. It was therefore necessary to determine this velocity 

Pulse-wave velocity. In contrast to the literature on the systemic arteries 
there appear to have been very few attempts to measure the wave velocity 
in pulmonary arteries. The value we obtained was 83-3 cm/sec + 5-7 S.E 
\t first sight this appears to be very low, being only about 1/5 of the value 
of ca. 400 cm/sec in the aorta. Intuitively, however, it does not seem un 
reasonable in view of the much greater distensibility of the pulmonary 
compared with systemic arteries 

The only figure this can be compared with, in the rabbit, is that of 
200 em/see derived by Engelberg & DuBois (1959). They assessed the 
velocity, ¢), by means of the modification of the classical Moens—Korteweg 
formula introduced into this country by Bramwell & Hill (1922), but 
proposed earlier by Otto Frank, which is 


\ V.8P 
. N P.8V 


c (9) 

The volume distensibility or elastance, 5P/5V, was measured for the 
whole arterial bed after the capillaries had been blocked by emboli (it was 
quoted as its reciprocal, the compliance). The total volume, V, however, 
had to be derived by the assumption of a simple geometrical relation for 
the change of volume at each subdivision of the arteries. Furthermore, the 
equation used is for a single thin-walled elastic cylindrical tube, filled with 
a non-viscous liquid. It is doubtful whether it can be regarded as more than 
an approximate solution for a rapidly subdividing system of tubes filled 
with a viscous liquid. The comparison of their derived value and our 
measured value implies that there are marked errors (making V/com 
pliance some four to five times too large) in their figures. 

The reported estimates of wave velocity in the pulmonary bed in other 
species are also higher than those we recorded. Patel et al. (1960) measured 
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the ratio of the changes in radius and pressure (8R/5P) in the pulmonary 
artery of the dog and the velocity derived from these we calculate as about 
250 cm/sec for their average data. The mean pressure was much higher 
(22 cm H,O) for their experiments which may account for some of this 
difference, and there is also a species difference. On the other hand, our 
results imply that the velocity for the whole bed would be considerably 
higher than that for the pulmonary trunk. A much earlier measurement 
by Johnson, Hamilton, Katz & Weinstein (1937) gave a value of 400 cm/sec. 
The implications of these values are discussed below in regard to speculation 
on the behaviour of the input impedance. 

In man, Fleischner, Romano & Luisada (1948) estimated the main 
pulmonary arterial wave velocity as 200 cm/sec and the more peripheral 
arteries to have a velocity of 275 cm/sec. These measurements were made 
by kymographic techniques which measure delay in dilatation between 
the pulmonary knob and the right hilar shadow, and between the right 
hilar shadow and the visible base of the right lung. In view of the possible 
errors in measuring the precise dimensions of X-ray shadows these figures 
must be regarded with caution. As recording in the pulmonary artery with 
a double-lumen catheter is standard practice in many clinics, the taking of 
suitable pressure records, a known distance apart, should make precise 
measurements of foot-to-foot wave velocity a relatively easy matter 
although none appear to have been made as yet. 

Following Engelberg & DuBois (1959), Milnor, Jose & McGaff (1960) 
have endeavoured to measure the distensibility of the total pulmonary 
vascular bed in terms of compliance. Their estimation of true pulmonary 
vascular volume in man is very elegant but it is difficult to see how they 
can estimate compliance on a single measurement of volume against 
pressure. Distensibility must be defined as a ratio of the change of volume 
to the change of pressure. For the lung, which is a closed bag (albeit com- 
plicated geometrically) this is a useful measurement. For the vascular 
bed, which is also geometrically complex but in addition has a large leak 
at the far end, it would seem very difficult to separate distensibility from 
flow. In addition, the only values that Milnor et al. (1960) can derive are 
for the whole pulmonary vascular bed, whereas by far the greatest part of 
the pulsatile flow is on the arterial side of the capillaries. It would appear 
to us that the elastic properties of the pulmonary arterial bed would be 
much more simply characterized by measurements of arterial wave 
velocity. The techniques of studying lung mechanics are not easily applied 
to those of a vascular bed where both through flow and change of volume 


are taking place. 
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Input impedance 


In the presentation of Results it has been seen that the amplitude of 
the input impedance is highest at very low frequencies and falls to a 
minimum value at 3-4 c/s. Thereafter it rises to a maximum value of 
about 8 c/s and subsequently falls and rises again with increasing fre- 
quency. This behaviour is typical of a fluid-filled elastic system in which 
reflexions are occurring and this is the interpretation we have put on them. 
It is indeed difficult to see any other way in which this behaviour could be 
explained. 

teflexion of waves propagated in an elastic tube will occur at any point 
where the fluid impedance changes. It was shown by Womersley (1957) 
that at any subdivision into branches one cannot achieve exact matching 


of the complex impedances on either side of the junction. At branches of 


the larger vessels, however, he predicted that the discrepancy would be 
small. Theoretically it is much greater at the subdivision of vessels of the 
magnitude of the smallest arteries, and experimental evidence in systemic 
vascular beds indicates that the main reflecting sites are in the region of 
the arteriolar beds (McDonald, 1960). The value for the average length of 
the arterial bed derived from our Results lies between 5 and 7 em, which 
when compared with the anatomical size of the rabbit lung suggests that 
in this vascular bed the main site of reflexion is in the minute vessels. 
This estimate agrees very reasonably with that of 6 cm made by Engelberg 
& DuBois (1959). 

Tne only other estimate of the impedance of the pulmonary arterial 
system is also by these last authors. This was derived by computing the 
behaviour of a simple analogous electrical circuit. It was an oscillatory 
circuit consisting of an inductance and capacitance, with a resistance 
connected in parallel across the condenser. The inductance represented 
the mass of the blood and its value was based on an estimate assuming a 
certain geometrical arrangement of subdivision of the pulmonary arteries. 
The capacitance represented the compliance which had been measured. 
The resistance represented the total vascular resistance of the bed and was 
regarded as residing principally in the smallest vessels such as the capil- 
laries. Apart from the necessary approximations involved in deriving the 
dimensions of these components, especially the inductance, the authors 
regarded the omission of any transmission time effect as being a permissible, 
first-order approximation. At first sight this may seem reasonable for, 
taking their assumed wave velocity of 200 cm/sec, a 6 cm system is only 
1/10 wave-length at the average pulse frequency they found (200 ¢/min). 
In fact this is far from negligible, for at the frequency of the second 


harmonic the system is 1/5 wave-length which is close to the relative node 
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at 1/4 wave-length. For the fifth harmonic it is a half wave-length, which 
by no approximation can be regarded as very short. In fact they calcu- 
lated the behaviour of their analogue up to 10* ¢/min when the system is 
more than 5-5 wave-lengths. 

From our data the system is about 1/4 wave-length at 3 c/s (180 ¢/min) 
so that the approximation is even less valid. Nevertheless it is interesting 
to compare their graph with our own (Fig. 8). They found a minimum of 
impedance at 4-3 c/s (260 ¢/min), which is not far removed from many of 
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Fig. 8. A comparison between the values of the fluid input impedance in our 
experiments and those calculated from an electrical analogue by Engelberg & Du- 
Bois (1959), and described in the text. Curve 1 (©) shows the mean values of all 
our experiments and is taken from Fig. 5. Curve 2 ( x ) is a transcription of a part 
of their graph—it is only approximate, for this graph is small in scale and plotted 


with a logarithmic abscissa for frequency. 


our observed values (e.g. Fig. 4) although rather higher than our over-all 
average. There is, however, a big discrepancy in the value of the impedance 
at this minimum for they calculated it to be 8 dyn.sec/em® whereas we 
found the mean to be 800 dyn.sec/em®. At lower frequencies the values in 
both curves rise sharply but at lc/s it is only about 0-8 x 1@ in their graph, 
whereas our mean is over 1-8 x 10°. With increasing frequencies above the 
minimum their graph rises steadily and is quite unlike the curve we find, 
and up to 20 c/s is always below the values we obtained. It is not felt, 
therefore, that this rather involved method of deriving the impedance by 
the use of this analogue circuit is very useful. Even with a circuit in the 
29 PHYSIO. CLVII 





448 .G. CARO AND D. A. McDONALD 


form of a transmission line (Taylor, 1957a) it has been shown that it cannot 
fully mimic a fluid-filled system (Taylor, 1959). 

Clearly the use of perfusion and an oscillatory pump is of no value in a 
living animal. If the flow and pressure in the pulmonary artery can be 
measured the input impedance at the frequencies represented by the 
harmonic components of these pulses may be determined. As an example 
we have taken some curves recorded in the cat by Baxter & Pearce (1951). 


5 ( 15 


Frequency (c/s) 


%. The input impedance in the cat pulmonary artery derived from simul- 
as records of pressure and flow by Baxter & Pearce (1951, Fig. 10). The pulse 
frequency was 2-2 c/s and the values for the first five harmonic components have 
been calculated by the use of Fourier analysis. These values are shown by crosses 
Che dotted line shows an impedance variation with frequency similar to that found 
in the rabbit and it can be seen that these poirts might well fall on such a curve. 


rhe phases of the harmonic components add support to this view. 


These were enlarged and subjected to Fourier analysis. The modulus of 
the impedance for the first five harmonics in one pair of curves is shown in 


Fig. 9. As the fundamental frequency was 2-2 c/s the available points are 


insufficient to delineate the curve with the precision that we could using 
the pump (Fig. 4), but the line drawn through them based on the rabbit 
data, shows they might well be points on such a curve. That is, the first two 
harmonics (2:2 and 4-4 c/s) probably fall on either side of a minimum at 
ca. 3 c/s followed by a maximum at 6 c/s and another minimum at 9 c/s 
with a subsequent rise at 11 c/s. As the size of the lung in the cat is much 
the same as that of the rabbit, if this is a valid comparison it would imply 
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that the pulmonary wave velocity is about the same value in both species. 
It is unfortunately not possible to compare the value of the impedance 
from Baxter & Pearce’s curves with our own, as theirs were not calibrated. 

This technique of measuring the input impedance could be employed in 
man, using the indirect method that Bergel, McDonald & Taylor (1958) 
used in the dog femoral artery. With the use of a double-lumen catheter 
with two lateral apertures sufficiently close together, so that they both 
lay in the main pulmonary artery, the velocity of the pulsatile flow could 
be derived from the pressure gradient while the pressure in the pulmonary 
artery could be recorded through one of the channels. Thus with the 
addition of very little complexity to routine recordings made in cardiac 
catheterization in many laboratories considerably greater quantitative 
information could be gained. For whereas the shape of the pressure and 
flow pulses is determined by both the form of the systolic ejection by the 
heart and the properties of the vascular bed, the input impedance is deter 
mined by the latter alone. How much of the pulmonary bed is involved 


remains to be discussed. 


The extent of the pulmonary ‘arterial’ bed 

Properly speaking the input impedance involves all the system up to 
the point where oscillatory flow is damped out. As we recorded pressure 
oscillations in the pulmonary veins this is more extensive than the arterial 
bed, but this last plays such a dominant part that for the sake of brevity 
that region determining the input impedance may be called ‘arterial’. 

As this system terminates in the capillary bed one might expect the 
terminal impedance to change with the resistance of the bed. As is seen 
from Results (p. 441), there is a rise in the input impedance at 1 ¢/s (which 
is the nearest we were able to get to measuring the terminal impedance) and 
the resistance. Also, the impedance at this frequency was much closer to 
the resistance in the pulmonary bed than corresponding values in the 
femoral bed. In the latter case this was interpreted by McDonald (1960) as 
indicating that only the proximal arterioles were included in the region 
which determined the impedance. Nevertheless, the ‘terminal’ impedance 
could be increased two to three times by intra-arterial noradrenaline. In 
the lungs we have studied the changes in ‘terminal’ impedance were much 
less than this with equally large changes in the resistance. These changes 
in resistance, however, were not due to arteriolar constriction but to pul- 
monary oedema, which presumably exerts a far greater effect on the capil- 
laries and venules than it does on the arterioles. The fact that the impedance 


does vary quite appreciably with the resistance indicates that the effective 
end of the arterial system is probably at the distal end of the arterioles or 


in the capillary bed. 
29-2 
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Any reflexions of the oscillations that pass through the capillary bed 
must be very small because they will be heavily attenuated by that bed. 
One might expect that such as do occur would tend to be out of phase with 
the arterial reflexions, for a wave travelling towards the left atrium from 


the capillaries is moving towards an ‘open’ end in contrast to the partially 


closed end of the arterial system. 

The length of the arterial system that we are interested in when con- 
cerned with oscillatory flow is in terms of wave-length. The main variables 
determining this are the frequency and the wave velocity. The actual 
anatomical length is by comparison relatively fixed; this will vary some 
what with respiration and with changing vasomotor activity the effective 
termination may shift slightly. These variations are very small compared 
with the range of frequencies represented in the cardiac pulse and probably 
small compared with changes that may occur in wave velocity, e.g. with 
alterations of mean pulmonary artery pressure or pathological changes 
affecting the stiffness of the arterial wall. 

Changes in the length of the system, in this sense, will alter the fre- 
queney at which the input impedance is at a minimum. This means that 
the pressure necessary to create a given flow is least at this frequency. As 
the oscillatory load on the ventricle is then at its smallest it is interesting 
to note that the frequency for this minimum approximates to that of the 
normal pulse frequency. Thus the fundamental component of the pulse 
wave will normally be working against a low impedance and as this is 
always the largest component it may well be that this fact plays a part in 
determining the resting pulse rate. The situation is, however, more complex 
than this implies because the cardiac pulse is a compound wave containing 
a range of frequencies. Therefore an impedance minimum would be to some 
extent balanced out by the fact that the second harmonic would be working 
at an impedance maximum and this is also a component of considerable 
magnitude (in the example of Fig. 9 its amplitude was 70°), of the funda 
mental). The values shown in Fig. 5 do indicate, however, that a marked 
fall in pulse frequency, say to 1 c/s, would cause a great increase in the load 
on the right ventricle. Any marked increase in stiffness of the pulmonary 
artery by shifting the minimum to a higher frequency would have a similar 
effect. Observations on larger species would be of interest in this respect, 
for a greater anatomical length may be offset by a faster wave velocity 
(as values quoted for the dog suggest), but in fact the resting pulse fre- 
quency is also less. Without more data it is difficult to assess the relative 
importance of these two factors. 

It is possible that the main significance of the frequency-dependence 
of the input impedance of the pulmonary circulation is to be sought in the 
balance between right and left ventricles. One exploratory experiment on 
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the input impedance of the rabbit aorta suggests that the quarter-wave- 
length minimum is also about 3 c/s, a result which parallels observations 
in the dog (McDonald, 1960). This dynamic similarity between the systemic 
and pulmonary circulations is due to the fact that although the anatomica) 
length of the latter is much shorter the wave velocity is correspondingly 
lower. Thus the impedances against which the right and left ventricles are 
working are matched and the optimal frequency will be the same for both. 


Venous pulsation 


The finding of pulsation in the pulmonary veins was to be expected after 
the observation of Lee & DuBois (1955), using the ‘body plethysmograph ’ 
technique, that flow in the pulmonary capillaries was pulsatile. It would 
be interesting to be able to estimate the damping in the capillary bed, but 
this would be far from precise from our results as the venous pressure was 
measured at some distance from the capillary bed. As noted above, flow 
from the capillaries on the venous side is travelling towards an ‘open’ end 
which will, in general, cause a reduction in the amplitude of the pressure 
wave. However, without knowing more about the physical characteristics 
of the venous bed it is impossible to predict how these changes will vary 
with frequency. The largest oscillation recorded in a lobar vein was some 
45°, of that recorded in a small artery in the same lung. It would be 
interesting to compare these findings with pressure records made with a 
‘wedged’ arterial catheter and from the left atrium. Since the transmitted 
oscillation diminished as the vascular resistance increased it seems that 
damping in the small vessels is the major factor in determining the size of 
venous pulsation. 


SUMMARY 


1. In perfused rabbit lungs an oscillatory flow has been imposed by a 


pump with a sinusoidal output. The pressure oscillations were measured at 
the origin of the pulmonary artery. The ratio of oscillatory pressure and 


flow was recorded as the input impedance. 

2. In some experiments the oscillatory pressure was also recorded in a 
small artery in one of the lobes of the lung. From the phase shift between 
the two points the wave velocity was calculated. In 15 experiments the 
mean value was 83-3 + 5-7 cm/sec at 6-11 c/s. At lower frequencies it rose 
markedly ; this is attributed to the presence of reflected waves altering the 
apparent wave velocity. 

3. The input impedance was also high at low frequencies and fell to a 
minimum at 3-4 c/s, where its mean value in all experiments was ca. 
800 dyn.sec/em®. Thereafter followed a maximum at ca. 8 c/s and another 


minimum at 12-14 c/s. 
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4. This pattern is interpreted as due to reflexions arising from the 
termination of the arterial bed which would cause a minimum when the 
system is either one quarter or three quarters of a wave-length. The mean 
length of the arterial system at the wave velocity recorded lies between 5 
and 7 em, which fits reasonably with the anatomical dimensions. 

5. The vascular resistance varied considerably in various experiments 
and the input impedance at 1 ¢/s varied with it but to a much smaller 
degree. The implications of this in regard to the main site of reflexions is 
discussed 

6. Oscillatory pressure in the veins was measured in 7 experiments. The 
transmission through the capillary bed varied inverseiy with the vascular 
resistance. In the lung with the lowest resistance (2-2 x 10° dyn.sec/cm*) 
the pulsation in the lobar veins was 45 °,, of that in a small artery and 58 °, 
of that at the pulmonary valves. These values are for the frequency of the 
first impedance minimum 

7. It is pointed out that for oscillatory flow the behaviour of the input 
impedance, which represents a considerable part of the load on the ven 
tricle, is determined by the wave-length of the system, i.e. its wave velocity 


and the oscillatory frequency. As the pulmonary arterial system has a much 


lower wave velocity than the systemic arteries, their effective lengths are 
comparable in spite of the great disparity of their anatomical lengths. The 


significance of this in matching the optimal working conditions of the right 


and left ventricles and the part it may play in determining the normal 


pulse frequency is discussed briefly. 
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Crawford & Kennedy (1959) found the prolonged saluretic and diuretic 
effects which characterize the action of chlorothiazide in man (Laragh, 
1958; Bayliss, Marrack, Perkis, Rees & Silva, 1958; and others) and in dogs 
(Beyer, 1958) were absent both in clinical and experimental diabetes 
insipidus. The first dose of chlorothiazide caused loss of salt without 
change in urine volume in these diabetics, so that the osmolarity of the 
urine rose. Thereafter the saluresis abated but the urine remained con 
centrated so long as the drug was given, and the daily volume of urine 
remained about halved. Kennedy & Crawford (1959) attributed this 


adaptation to the initial saluretic effects of chlorothiazide to change in the 
effects of the drug on tubular function. Then de los Reyes, Gomez & 
Bradford (1960) found that chlorothiazide decreased the filtration rate in 
diabetic patients; this they considered sufficient to explain the decrease in 
urine volume. They were confirmed in their observation by David, Lazlo 
& Kovaes (1960), who also showed that the antidiuretic action of chloro- 
thiazide in patients with diabetes insipidus was absent in patients suffering 


from psychic polydypsia, although both groups of patients lack circulating 
anti-diuretic hormone (ADH). 

Davey & Lockett (1960) found differences in the actions of aldosterone 
monacetate on the isolated cat kidney related to the presence or absence 
of a circulation through the head during the collection of blood for the 
perfusion circuit and the making of the heart-lung-kidney preparation. 
They attributed this difference to the absence of an oxytocin-like substance 
from blood collected in the absence of a head circulation. We were there- 
fore interested to compare the actions of chlorothiazide on isolated kidneys 
perfused with these two types of blood, and to discover whether oxytocin 
modified the effects of chlorothiazide in these preparations. 


METHODS 
Male, female or neuter cate were used. Anaesthesia was induced with ether and was 
maintained by the intravenous injection of 1-0 % chloralose in 0-9 % NaCl, 8-0 ml./kg. The 


larger cats were used as blood donors. Heparinized blood (heparin 1500 u./100 ml. blood) 





CHLOROTHIAZIDE AND ISOLATED KIDNEYS 455 


was withdrawn by femoral arterial cannula, either without further interference with the 
circulation (intact donors) or after ligature of the brachiocephalic and left sxbclavian arteries 
and section of the vagi (headless donors). The blood was usually stored overnight at 7° C and 
next day until the heart-lung-kidney preparation was being made. Then 60-120 mg NaHCO, 
in 2-5 ml. 0-9°% NaCl was added. To each 100 ml. blood was added 3-0 ml. of a mixture of 
5% creatinine and 2-5, p-aminohippuric acid (PAH) in 0-9% NaCl, and an infusion of 
PAH was made into the venous reservoir to maintain a constant concentration of PAH in 
the blood. 

Heart-lung-kidney preparations were made in cats weighing 1-1—1-8 kg as described by 
Davey & Lockett (1960), without exclusion of the head from the circulation until approxi- 
mately 4-5 min before the perfusion of the kidney began. The temperature of the blood and 
the kidney chamber varied from 36-0 to 37-0° C and the arterial pressure from 114 to 148 mm 
Hg on different occasions, but these remained constant throughout each experimer*. 

The methods used for the measurement of renal blood flow (r.s.F.), the collection of urine 
and blood samples, the estimation of sodium, potassium and creatinine in blood and urine, 
have been reported (Davey & Lockett, 1960). The carbon dioxide combining power of plasma 
was estimated by the method of Hawk, Oser & Summerson (1947), and p-aminohippuric 
acid in plasma and urine by the method of Bratton & Marshall as modified by Smith, 
Finkelstein, Aliminosa, Crawford & Graber (1945) 

Chlorothiazide (Merck, Sharp and Dohme Ltd), Pitocin and Pitressin (Parke Davis and 
Co. Ltd), creatinine, and inulin (British Drug Houses Ltd), p-aminohippuric acid (L. Light 
and Co. Ltd) and mannitol (Hopkin and Williams Ltd) were obtained directly from the 
manufacturers, 


RESULTS 
The effect of chlorothiazide on cat kidneys perfused with blood drawn 
J. : GF Per, 
from animals in which the head had not been excluded from the 


circulation (intact donors) 


The influence of chlorothiazide on the excretion of sodium and potassium 
ions and water was examined at spontaneous rates of urine flow in four 
heart-lung-kidney preparations perfused with blood collected from intact 
donors. Figure | shows results from one experiment typical of this series. 
When the urine and blood flows had remained nearly constant for half an 
hour, 10 mg chlorothiazide was injected into the venous reservoir to mix 
with 145 ml. of circulating blood. Within 10 min the rates of urine flow 
and of excretion of Na and K had begun to increase and the T» of p-amino 
hippuric acid (PAH) to decrease. The maximum effects of chlorothiazide 
on urine flow, excretion of these ions and T,, PAH were reached in 20-30 
min, were well maintained, and were unaccompanied by changes in R.B.F. 
or creatinine clearance. The CO, combining power of the plasma fell 


steadily throughout all experiments, sometimes reaching values as low as 
29 ml./100 ml. Neither this, nor the addition of 40 m-u. vasopressin 
150 ml. circulating blood influenced the recorded actions of chlorothiazide. 
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fre pn 


The effect of chlorothiazide on cat kidneys perfused with blood drawn 

animals in which the head had been excluded from the circulation 
(headless donors) 

ted a 

blood 


Kidneys perfused with blood taken from headless donors excre 
greater proportion of the filtered load of Na than those perfused with 





230+ 
210} 


Minutes 


The effect of chlorothiazide on the excretion of Na+, K* and water by a cat's 


142 mm Hg with blood taken from an intact donor. 
urinary 


Fig. | 
kidney, 7-4 g, perfused at 
Ordinates, from above downward: urinary 
excretion of Na, K; Na excreted ( % filtered load); G.¥.x.; urine volume; R.B.F.; 
T,, PAH. Abscissae, time. Chlorothiazide, 10 mg/145 ml. blood given at arrow. 


concentration of Na, K; 
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taken from intact animals (Table 1). The effect of chlorothiazide in blood 
from headless donors was also characteristic and is described by reference 
to a typical result in Fig. 2. A small increase in urine flow, accompanied 
by an increase in the rate of excretion of Na and K ions and decrease in 
Tm PAH, became evident in the 10 min immediately following the addition 
of 10 mg of the drug to the venous reservoir. The concentrations of Na and 
K ions in the urine remained unchanged (Fig. 2) or rose slightly to reach a 
maximum in the next 10 min period. Thereafter these concentrations 
remained unaltered, but the creatinine clearance and urine volume de- 
creased progressively and in parallel. The proportion of the filtered load of 
Na excreted was raised by chlorothiazide, then remained constant; it did 
not decline as the rates of filtration and excretion of Na and K decreased 
(Fig. 2). 


raste l. The effect of chlorothiazide (10 mg/140—150 ml.) on cat kidneys perfused with 


blood taken from intact animals is contrasted with the action of the drug in kidneys perfused 
with blood from headless donors 


In blood from intact donors In blood from headless donors 


At maximum 
jefore drug etfect of drug 


At maxumum 
Effect measured Before drug effect of drug 


Urine flow (ml./min) 0-063+0-014 (4) 011640038 (4) 0-20+0-05 (4) 0-15+0-07 (4) 

Na excretion rate 5-8 + 2-56 (4) 15-9 +289 (4) 34-1 +4-1(4) 37-2 +3-8 (4) 
( z-equiv/min) 

Na excreted (% 36 +1-95 97 +341 (4) 11-7 +3-09 (4) 21-9 +3-14 (4) 
filtered load) 

Creatinine clearance 0-389 +0 0-88 + 0-02 (4) 1-53+0-21 (4) 084+0-19 (4) 

Weight of kidneys (g) 7°05 + 0-63 (4) 9-84 + 1-56 (4) 


The values given are means + standard error of the mean, followed by the number of 


preparations within brackets. Each kidney was perfused with one type of donor blood only. 


Oxytocin, 20 m-u./140-150 ml. blood, produced only short-lasting 
antagonism of reductions in filtration rate caused by chlorothiazide in 
these preparations, and did not alter the proportions of the filtered load 


of sodium reabsorbed (Fig. 3). 


DISCUSSION 

The first point of interest arising out of these experiments is the very 
great similarity of the effect of chlorothiazide in man (Laragh 1958; 
Bayliss et al. 1958) and in intact animals (Beyer, 1958) on the excretion 
of sodium, potassium and water, and the effect of this drug on isolated cat 
kidneys perfused with blood drawn from intact animals (Fig. 1). In these 
perfused preparations chlorothiazide decreased the reabsorption of 
sodium and water, enhanced the secretion of potassium (Kessler, Hierholzer, 
Gurd & Pitts, 1959) decreased T,, PAH and was without effect on total 


renal blood flow (Fig. 1). 
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Secondly, there was remarkable similarity between the action of chloro- 
thiazide on the excretion of salt and water in the patient with diabetes 
insipidus (Crawford & Kennedy, 1959; de los Reyes et al. 1960) and in the 
isolated cat kidney perfused with blood collected from headless donors 
(Figs. 2, 3). The only difference in the effect of chlorothiazide on the 
kidneys of normal man and of the patient with diabetes insipidus was the 
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Fig. 2. The effect of chlorothiazide on the excretion of Na*, K* and water by a cat's 
kidney, 9-2 g, perfused at 148 mm Hg with blood taken from a headless donor 
under chloralose anaesthesia. Ordinates and absciasae as in Fig. 1. Chlorothiazide, 


10 mg/140 ml. blood given at arrow. 
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reduction in filtration rate that accompanied the effect of the drug in the 
diabetic (de los Reyes et al. 1960). Reduction in filtration rate was also a 
constant finding when kidneys perfused with blood from headless donors 
were treated with chlorothiazide (Figs. 2, 3); again it accounted for all the 
differences in the action of the drug on sodium, potassium and water 
excretion by isolated kidneys when perfused, on the one hand, with blood 
from intact donors (Fig. 1), and on the other, with blood from headless 
donors (Figs. 2, 3). The effect of chlorothiazide on fitration rate in the 
diabetic patient and isolated kidney perfused with blood from headless 


Oxytocin 


20 m-u 


Fig. 3. Transient antagonism by oxytocin of the reduction in G.¥.R. and urine 
flow caused by chlorothiazide in a cat kidney, 12-2 g, perfused at 146 mm Hg with 
blood taken from headless donors under chloralose anaesthesia. Ordinates, from 
above downward: Urinary excretion of Na; Na excreted ( % filtered load); G.x.¥.; 
urine volume; R.B.F Absciassae, time Chlorothiazide, 10mg and oxytocin 


20 m-u. added to 140 ml. perfusing blood at first and second arrows respectively. 


donors cannot be attributed to lack of ADH for two reasons. First, 
David et al. (1960) found that chlorothiazide failed to produce antidiuresis 
in psychic polydypsics, in whom the circulating concentration of ADH is 
very low; secondly, the cat kidney perfused under chloralose anaesthesia 
is remarkably insensitive to ADH (Davey & Lockett, 1960), yet the 
differences between the diabetic and non-diabetic response to chloro- 
thiazide were apparent in these preparations. Neither can the reduction 
of filtration rate characterizing the action of chlorothiazide in diabetes 
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insipidus be attributed to lack of oxytocin, because 20 m-u./150 ml. blood 
produced only transient antagonism of this reduction (Fig. 3). 

[t is therefore concluded that the patient with diabetes insipidus and 
blood drawn from headless animals both lack some other substance or 
substances, stable during the night in blood at 7° C. and surviving 5 hr of 
perfusion through a heart-lung-kidney preparation without excretion or 
destruction, which conditions some part of the renal vascular bed to with 
stand the vascular action of chlorothiazide. This same substance or sub 
stances may be concerned with the maintenance of normal sodium re- 
absorption, since kidneys perfused with blood from headless donors leak 
sodium at more than the normal rate (Table 1). Neither lack of oxytocin or 
of vasopressin influenced this steady sodium leak from kidneys perfused 


with blood from headless donors (Table 1). 


SUMMARY 
1. Chlorothiazide 10 mg/140-150 ml. blood, increased the excretion of 
Na, K and water, decreased T,, PAH, and caused no change in total R.B.F. 
of isolated perfused cat kidneys. These changes were evident in 5 min and 
reached a sustained maximum in 20-30 min. 


2. The drug was without effect on glomerular filtration rate (G.¥.R.) in 


preparations perfused with blood from intact animals, but caused pro 
gressive decline in G.F.R. and the minute volume of urine in those per- 
fused with blood drawn after exclusion of the head from the circulation. 

3. Oxytocin caused only short-lived antagonism of this reduction in 
a.¥.R. and no change in the proportion of the filtered Na load which was 


reabsorbed. 
This work was undertaken while one of us (T. de L.) was receiving a grant for personal 


maintenance during training in research from Cipla Laboratories, Bombay. 
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It is well known that pulmonary vasomotor responses to nerve stimula- 
tions in isolated lungs of the dog perfused through the pulmonary circula 
tion alone are ephemeral or absent (for literature see Daly, 1958). It was 
pointed out by Berry, Brailsford & Daly (1931) that failure to obtain clear 
evidence of pulmonary vasomotor nerve activity in such perfused prepara 
tions might be due to an insufficient blood supply to the nerves, which 
Reisseisen (1822) had shown were supplied by the bronchial arterial 
system. For this reason they advocated additional perfusion of the 
bronchial vascular system. This method of perfusion was used by Daly & 
von Euler (1932), who obtained well marked pulmonary vasomotor 


responses to nerve stimulations over a period of several hours. Since that 


time it has been repeatedly observed that such responses are only obtained 
during bronchial circulation perfusion and are extinguished if this per 
fusion is interrupted. These observations, however, provided little evidence 
of the underlying mechanism reponsible for the maintenance of pulmonary 
vasomotor nerve function by bronchial circulation perfusion. The in 
vestigation here described on the lungs of the dog relates to (1) the survival 
of pulmonary vasomotor nerves during bronchial circulation ischaemia, 
(2) the bronchial circulation perfusion time required to recover pulmonary 
vasomotor nerve function after varying periods of ischaemia, (3) the 
duration of bronchial circulation ischaemia which extinguishes pulmonary 
vasomotor nerve responses, (4) the effect of reducing the partial pressure 
of oxygen (pO,) in the blood perfusate on the responses to pulmonary 
vasomotor nerve stimulation, and (5) the minimal bronchial arterial 


pressure required to maintain pulmonary vasomotor nerve responses 


METHODS 


Mongrel! dogs varying in weight from 14 to 29 kg were exsanguinated under local anaes 
thesia through a cannula inserted into the femoral artery, after premedication with morphine 


hydrochloride (2 mg/kg subcutaneously). Atropine sulphate (1 mg) and heparin (Boots 


* Research Fellow, Norwegian Research Council for Science and the Humanities. 
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powdered heparin 3 mg/kg dissolved in distilled water) were injected intravenously some 
minutes before exsanguination. The blood was collected in a glass cylinder containing an 
amount of heparin approximately equal to twice that injected intravenously, the total 
dose of heparin used being 9 mg/kg body weight. Penicillin (Crystapen, crystalline sodium 
Penicillin G, Glaxo, 500 i.u./100 ml. blood) was added to the blood, which was then filtered 
through one layer of linen (mesh 504 by 250) resting on a stainless-steel mesh (250 u by 
250 u). The blood was stored at 36° C until used for perfusing the lungs. 

In some experiments the left lung was perfused through both the pulmonary and bronchial 
circulations by the method described by Daly (1956). In others, either the left apical and 
cardiac lobes or the left lower lobe were perfused by a similar method but with a reduced 
volume of the blood reservoir (250 ml.) (Daly & Waaler, 1960). 

All glass pieces were cleaned and brushed in tap water, soaked in chromosulphuric acid 
for 24 hr, rinsed ten times in running tap water and twice with distilled water. The rubber 
connexions were soaked in running tap water for several hours, boiled in 2% NaHCoO,, 
rinsed in running tap water and finally in distilled water. 

The pulmonary circulation was perfused at a constant-volume blood inflow or at a 
constant head of pressure at 14-22 mm Hg, and the bronchial circulation, including the 
vascular territory supplying the nerves to be stimulated, at a mean pressure of 80-140 mm Hg 
The pulmonary arterial pressure was recorded with a Marey tambour and the left atrial 
blood outflow with a modified Gaddum blood-flow recorder. The left atrial pressure was 
recorded by a blood manometer, the top of which was connected to a piston recorder, or 
taken as the difference in levels between the mouth of the left atrial cannula and the blood 
as it spilt over into the flow recorder. This latter measurement was found by experiment 
to be a few millimetres of blood lower than the true left atrial pressure at the blood flow used. 

The pulmonary vascular resistance (PVR) was calculated according to the formula 

PVR = Pulmonary arterial pressure (mm Hg) — Left atrial pressure (mm Hg) 
Left atrial flow (1./min) x 2/m?* 
where z equals the ratio of total lung weight to the weight of the perfused lobes, as given 
by Rahn & Ross (1957). When this formula is used, the PVR for normal resting dogs ranges 
from 1-7 to 7-5. 

Lung ventilation. The lung lobes were ventilated by starting a Starling ‘Ideal’ pump 
(C. F, Palmer Ltd.) at a peak pressure of 80-100 mm H,O with pure O,, 6% CO, in O, or 
6% CO, in air. Hypoxaemia was produced in seven tests by changing the ventilation from 
6% CO, in O, to 6% CO, in N,, and in one test by changing the ventilation from O, to N, 
The tidal air was measured by the method of Konzett & Réssler (1940). 

Tests for pulmonary vasomotor activity. The upper thoracic sympathetic chain, the stellate 
ganglion, the ventral branch of the ansa subclavia or the left thoracic vagosympathetic 
nerve was stimulated by square-wave impulses derived from an Attree (1950) stimulator. 
Che predominant response to stimulation of the sympathetic fibres in this nerve pathway 
is pulmonary vasoconstriction (Daly, Duke, Hebb & Weatherall, 1948). 

Atropine sulphate equivalent to about 0-05 mg/kg body weight was injected intravenously 
before exsanguination, or added to the blood reservoir during perfusion, in order to suppress 
any passive pulmonary circulatory effects due to ‘bronchoconstrictor’ responses during 
stimulation of the left thoracic vagosympathetic nerve. 

Blood analysis. Blood samples were taken from the pulmonary artery inflow tubing 
during the course of each experiment. The temperature of the blood perfusate at the time 
of sampling, usually about 34-35° C, was registered. The samples were stored under 


paraffin oil at 4° C until the pH measurement and blood gas analysis could be carried out. 
The oxygen capacity, the degree of oxygen saturation and the carbon dioxide content 
of the blood were determined with a modified Haldane blood gas apparatus (Shaw, 1959) 
by the method of Courtice & Douglas (1947). 
30 PHYSIO. CLVII 
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Blood pH was measured at room temperature with a Pye ‘Master’ pH meter (Cat 
No. 11068, W. G. Pye and Co.). The apparatus was standardized before each determination 
by a buffer of pH 7-01 at 20° C. Duplicated estimations agreed within 0-02 pH units or leas 
The values of blood pH resulting from these measurements at room temperature were 
converted to pH values corresponding to the blood temperatures in the preparations at the 
time of sampling by using the temperature coefficient of Rosenthal (1948). Some pH measure 
ments were carried out at 35° C with a ‘ Vibron’ 33 B electrometer (Electronic Instruments 
Ltd.) in conjunction with a ‘Vibron’ C 33B pH measuring unit. The accuracy of these 
neasurements was at jeast as great as those done with the ‘Master pH meter 

Blood pO, values were calculated from the oxygen saturation values using the nomogram 
und the correction factors (for pH and temperature) given by Severinghaus (1958) on p. 73 
in Handbook of Respiration, assuming that the oxyhaemoglobin dissociation curve for dog 
follows that of man. Maximal errors in our calculated pO, values, arising from errors in the 
measurements needed (oxygen saturation, blood pH and blood temperature), could be 
° 


iculated to be of the order of +1 mm Hg and +3 mm Hg in the pO, regions of 25 and 


1 mm Hg reapectively 
pCO, values were calculated from the values for CO, content, pH, oxygen capacity and 


ercentage oxygen saturation, by the formula: 
co, 
pco, . 
. S(10@H pK 4 1) 


Stupfel & Bradley, 1956a). The plasma CO, content (m™/l.) was calculated 
for whole blood bv the factor ‘f read from the nomogram of 
The solubility factor, S, was read from the table of Severinghaus 


for pK’ from the nomogram of Severinghaus, Stupfel & Bradley 


RESULTS 
\ll the procedures necessary for the separation from the thorax of the 


reduced systemic circulation, together with the heart and lung lobes to be 


perfused, were carried out after exsanguination. The period of time which 


elapsed between exsanguination and the moment when pulmonary circula 
tion perfusion, ventilation and bronchial circulation perfusion (in that 
order) were established, varied from 45 to 314 min (mean: 132 min) in 
52 experiments 

Survival of pulmonary vasomotor nerves during bronchial circulation 
ischaemia. In most experiments perfusion of the pulmonary circulation 
and lung ventilation were started before perfusion of the bronchial 
circulation. Stimulation of the sympathetic nerve path or of the associated 
ganglia failed to produce a pulmonary vasopressor response before per 
fusion of the bronchial circulation. Within 2—3 min of the start of bronchial 
circulation perfusion small but definite pulmonary vasopressor responses 
to nerve stimulation were obtained. For any given strength of stimulus 
these reached a maximum after 22-35 min of perfusion. A more accurate 
assessment of the duration of bronchial circulation perfusion required to 
establish maximal responses to nerve stimulations could not be obtained 
because the stimuli were applied at intervals of 10 min. This interval of 
time was selected because it had been found by experience that it ensured 
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consistent pulmonary vasomotor responses to successive stimuli over a 
period of some hours. The records of Fig. 1, which are typical of a large 
number of experiments, show the absence of a pulmonary vasopressor 
nerve response before bronchial circulation perfusion (12.01 p.m.), a small 
response 2 min after the start of bronchial circulation perfusion (12.11 p.m.) 
and a maximal response 22 min after the start of perfusion (12.31 p.m.) 
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Fig. 1. Effect of stimulating sympathetic post-ganglionic nerve fibres (in left 
thoracic vagosympathetic nerve) on an atropinized perfused lung lobar prepara 
tion before and during additional perfusion of bronchial circulation. Dog: f 
17-0 kg, 0-75 m* body surface; perfusion of left apical and cardiac lobes at a 
constant head of pressure. Bronchial circulation perfusion started at 12.09 p.m. 
Stimulations during 15 sec periods, 10 V, square-wave impulses of 10 m-sec duration 
and frequency 47/sec 

Calculated total pulmonary vascular resistance (PVR) values before stimulations 
12.01 p.m., 63-63; 12.11 p.m., 56-64; 


and at peak of vasoconstrictor responses 
6-7-11-7. Vent. = ventila 


12.21 p.m., 65-10-6; 12.31 p.m., 68-12 1; 12.41 p.m., 
tion. L.A. left atrial. P.A.p pulmonary arterial pressure. B.P perfusion 


pressure of aorta and bronchial arteries 


These pulmonary vasopressor responses once established were obtainable 


during short periods of interruption of bronchial circulation perfusion (see 

Figs. 2 and 3), thus demonstrating that they were not caused by passive 

bronchial vascular effects on the pulmonary circulation. Since the vaso 
JU-2 
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pressor responses occurred in the absence of changes in lung hindrance 
they were due to pulmonary vasoconstriction. 

The experiment in Fig. | was carried out at constant head of perfusion 
pressure, and similar results were obtained in other preparations perfused 
at constant blood volume inflow. 

In spite of the prolonged period of initial bronchial circulatory ischaemia, 
which in one experiment was deliberately extended to 314 min, well 
marked pulmonary vasoconstrictor responses to nerve stimulation were 
always obtained within 35 min of the start of bronchial circulation 
perfusion. 


Extinction of pulmonary vasomotor nerve responses by interruption of 
bronchial circulation perfusion 
Interruption of bronchial circulation perfusion caused a gradual decrease 
and, finally, extinction of the responses to sympathetic nerve stimulation 
within 9-38 min. On restarting bronchial circulation perfusion the 
responses recovered within from 7 to 40-50 min. The reduction in the 
response occurred within a few minutes of bronchial circulation interruption. 


This is shown in Fig. 2 in two experiments in which the responses were 
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Fig. 2. Effect of interruption of bronchial-circulation perfusion on pulmonary 
vasoconstrictor responses to stimulation of post-ganglionic sympathetic nerve 
fibres (in left thoracic vagosympathetic nerve) in two isolated perfused left lung 
lobar preparations of the dog. Responses expressed as %, of initial values. Each 
point represents the response to one stimulation. Bronchial circulation perfusion 
interrupted at zero time, restarted at the arrows; the broken lines thus indicating 


periods of no bronchial circulation perfusion. 
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due to stimulation of the post-ganglionic fibres in the left thoracic vago- 
sympathetic nerve. In one experiment (open circles) the stimuli were 
applied at 10-min intervals and extinction of the response occurred 24 min 
after interruption of bronchial circulation perfusion; full recovery of the 
response was obtained 38 min after restarting perfusion. In the other 
experiment shown stimuli were withheld until bronchial circulation 
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Fig. 3. Effect of interruption of bronchial circulation perfusion on pulmonary 
vasoconstrictor responses to stimulation of preganglionic sympathetic nerve fibres 
or of a sympathetic ganglion. Isolated perfused left lung preparations of the dog. 

an experiment in which the left sympathetic chain was stimulated; @ an 
experiment in which the left stellate ganglion was stimulated. Responses expressed 
as %, of the initial values. Each point represents the response to one stimulation. 
Bronchial circulation perfusion interrupted at zero time and at all arrows pointing 
upwards, perfusion restarted again at all arrows pointing downwards, the broken 


lines thus indicating periods of no bronchial circulation perfusion. 


ischaemia had been established for 23 min, after which the response 
obtained was 33 °/, of its initial value. Restarting perfusion of the bronchial 
circulation produced, after a preliminary fall, full recovery of the response 
within 40-50 min. Similar results were obtained in three additional 
experiments of the same type. 

The extinction of the responses during bronchial circulation interruption 
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to stimulation of the upper thoracic sympathetic chain and of the stellate 
ganglion was tested in three experiments of which two are shown in Fig. 3. 
It will be seen that the responses were abolished in 9 and 18 min, respec 
tively, rather earlier than the extinction of the responses to stimulation 
of the post-ganglionic fibres in the thoracic vagosympathetic nerve (Fig. 2). 
Another feature of these experiments was the appearance of a supernormal 
response to the first stimulus following bronchial circulation interruption 
(Fig. 3). Such an initial supernormal response was observed in two out of 
five bronchial circulation interruption tests in which the sympathetic 
chain was stimulated and in one out of four tests in which the thoracic 
vagosympathetic nerve was stimulated. 

Hypoxaemia and pulmonary vasomotor nerve responses. In the perfusion 
system used the two pumps perfusing the pulmonary and bronchial 
circulations—including the extrapulmonary nerves—drew their blood 
from a single reservoir. After passage through the lungs the blood from 
the left atrium flowed through the blood outflow recorder to be collected 
in the reservoir, and this part of the blood circuit was open to the atmo 
sphere. It was found that during N, ventilation the pO, of the blood from 
the left atrium was lower than that of the blood in the reservoir. This was 
because the blood picked up some oxygen during its passage through the 
flow recorder and whilst it spilt over into the reservoir. For this reason 
the blood perfusing both circulations did not reach the low pO, values 
which might be expected if a closed blood-circuit system had been used 
Thus, in eight tests in which the lung lobes were ventilated with N, for 
periods of 23-76 min the pO, of the blood only reached 26-38 mm Hg 


(mean 32 mm Hg). It should be emphasized that under these conditions 


of perfusion N, ventilation reduced the pO, of the blood circulating through 


all the tissues of the lungs and also that supplying the extrapulmonary 
nerves. In seven out of the eight tests mentioned above N, ventilation 
reduced the pulmonary vasoconstrictor responses to stimulation of the 
sympathetic post-ganglionic fibres in the left thoracic vagosympathetic 
nerve. In the remaining experiment the responses were not altered 
Figure 4 illustrates the results of two of these tests. In one, N, ventilation 
for 30 min produced a moderate reduction in the vasoconstrictor response 
to nerve stimulation and complete recovery followed ventilation with 
6°, CO, in O,. In the other the reduction in the response was much 
greater and recovery was incomplete. 

There was no correlation between the reduction in pulmonary vascular 
responses to nerve stimulation during N, ventilation and the relatively 
small changes in pH and blood pCO, which accompanied the fall in blood 
pt ),. 

The two tests in Fig. 4 are given as examples because N, ventilation 
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itself produced no appreciable changes in PVR. In other experiments, 
however, this type of preparation responded to N, ventilation by a fall in 
PVR. Such a fall occurred in five out of the eight tests described above, 
and in these five experiments also the vasomotor responses to nerve 
stimulation were reduced, the percentage reduction falling between those 
shown in Fig. 4. It is realized that the pulmonary vascular depressor 
effect of hypoxia, which occurred in these experiments, is contrary to the 
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Fig. 4. Effect of temporary N, ventilation on pulmonary vasoconstrictor responses 
to sympathetic nerve fibre stimulation in two isolated perfused left !ung lobar pre- 
parations of the dog Post-ganglionic fibres of left theracic vagosympathetic 
nerve stimulated. Responses expressed as %, of the initial values. Each point 
represents the response to one stimulation. At zero time ventilation changed from 
6 % CO, in O, to 6 % CO, in N,. Ventilation « hanged back to 6 % CO, in O, at arrows, 


the broken lines thus representing periods of Ny ventilation. 


findings of the majority of other investigators. This is all the more sur 
prising since a vasopressor response to N, ventilation was never observed 
in our experiments. Our perfusion technique differed from that of others 
who have investigated the effect of hypoxia on the circulation in isolated 
lung preparations, in that the initial period of pulmonary circulation 
ischaemia was relatively long and that additional perfusion of the bronchial 
circulation was carried out. To what extent these factors have determined 
the vasomotor response to N, ventilation is being explored, and will not 
be further discussed here since it is not obviously relevant to our present 
examination of the effect of N, ventilation on pulmonary vasomotor nerve 
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responses. These responses were reduced during N, ventilation irrespective 
of the direct effect of N, ventilation on the pulmonary circulation. 

In one experiment the addition of KCN to the perfusate in the reservoir, 
to give a blood concentration of 0-1 mg/ml., abolished the pulmonary 
vasomotor nerve responses within 25 min. 


Systemic arterial pressure and pulmonary vasomotor nerve responses 
Three experiments were performed to determine the minimal arterial 
pressure in the bronchial circulation and in the vessels supplying the extra 
pulmonary nerves required to maintain normal pulmonary vasomotor 
nerve response. The post-ganglionic fibres in the left thoracic vago 
sympathetic nerve were stimulated for this purpose. It was found during 
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Fig. 5. Effect of altering the perfusion pressure (B.P.) in the bronchial arteries 
(and aorta) on pulmonary vasoconstrictor responses to sympathetic nerve fibre 
stimulation (post-ganglionic fibres of left thoracic vagosympathetic nerve) in an 
isolated perfused left lung lobar preparation of the dog. The points in the upper 
tracing represent responses to stimulations at 10min intervals. Responses 
expressed as °, of initial values. The lower lines indicate bronchial circulation 


perfusion pressure 


two separate tests that a perfusion pressure of 40 mm Hg sufficed to 
maintain normal responses, but in each test reducing the pressure below 
this value led to a reduction in the pulmonary vasomotor nerve responses. 
One of these experiments is illustrated in Fig. 5. A third test on lowered 
bronchial circulation perfusion pressure showed reduced vasomotor nerve 
responses when the pressure was brought down to 70 mm Hg or less. 
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DISCUSSION 

The results confirm that in isolated perfused lungs of the dog perfusion 
of the bronchial circulation is essential for the maintenance of pulmonary 
vasoconstrictor responses to sympathetic nerve stimulation. The observa- 
tions that an aortic (bronchial arterial) pressure as low as 30-40 mm Hg or 
intermittent interruption of bronchial circulation perfusion for 10 min 
alternating with 10-min periods of perfusion (Fig. 3) can suffice to maintain 
the responses to their full value indicates that only a relatively small blood 
flow in the bronchial circulation is necessary to maintain functional activity 
of the nerves. This is in agreement with the findings of Eccles (1935) and 
Bargeton (1938) in studies on the superior cervical ganglion. 

It seems reasonable to conclude from the experiments with lowered 
oxygen tension that one of the functions of the bronchial circulation is the 
maintenance of an oxygen supply to the pulmonary nerves and/or the 
neuromuscular apparatus. We have little evidence as to the possible role 
of other blood components supplied by, or removed by, the bronchial 
circulation. It was, however, observed that addition to the blood reservoir 
of ‘new’ blood (i.e. blood which has been stored in a thermostat at 36° C 
since the death of the animal) sometimes caused a full or a partial restora- 
tion of vasomotor responses to nerve stimulations in preparations in which 
such responses had started to decline. The oxygenation of the perfusate 
was adequate throughout these experiments, so that other blood com- 
ponents than oxygen must have been responsible for the effect. We have 
at present no indication as to the nature of this potentiating effect of 
‘new’ blood. 

In two experiments it was observed that a stimulus applied to the 
sympathetic chain or the stellate ganglion just after the bronchial circula- 
tion perfusion had been interrupted caused a larger pulmonary vaso- 
constrictor response than the control value (Fig. 3). The number of 
experiments is too small to assess the significance of this observation, 
which, nevertheless, recalls that Bronk & Larrabee (1937) observed an 
increase of the electrical response and a persistent facilitation in a ganglion 
during the initial period after it was deprived of its blood supply. 

It should be emphasized that the method of perfusion used differed in 
two respects from that generally practised in setting up isolated perfused 
lungs. First, there was a prolonged period of pulmonary circulation 
ischaemia before the start of its perfusion, and secondly all the tests were 
made during bronchial circulation perfusion, or after a short interruption 
of such perfusion. How far the initial period of ischaemia affected the 
pulmonary vascular responses to sympathetic nerve stimulation is un- 


certain, because under the conditions of the experiment the pulmonary 
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vascular response before the period of circulatory ischaemia could not be 
assessed. The experiments show, however, that some of the sympathetic 
vasoconstrictor fibres are strongly resistant to ischaemia of the bronchial 
vascular system, in that after prolonged periods of such ischaemia their 
functional activity can be gradually restored by starting up bronchial 
circulation perfusion. That the revived nerve fibres in most of the experi- 
ments probably represent a high proportion of all those present in the 
nerve trunk stimulated is suggested by the responses being no smaller than 
those obtained by Daly et al. (1948) in the perfused living animal prepara- 
tion, in which bronchial circulation ischaemia was absent and there was 
only a short period of pulmonary circulation ischaemia whilst the prepara- 
tion was being made. 

A puzzling feature of the present series of experiments has been the 
absence of 8) mpathetic vasodilator responses to nerve stimulations. Such 
responses, although relatively rare, can be evoked in the perfused living 
animal (Daly et al. 1948; Daly & Daly, 1959). The explanation may be 
that these vasodilator fibres are less resistant to bronchial circulation 
ischaemia than the sympathetic pulmonary vasoconstrictor fibres. Since 
all the perfused preparations were atropinized it was not feasible to 
examine the effects of ischaemia or of ventilation hypoxia on the atropine- 
sensitive pulmonary vasodilator fibres described by Daly & Hebb (1952). 

The fact that the pulmonary vascular resistance was in the majority of 
experiments within normal limits for periods of perfusion of 4 hr, during 
which consistent pulmonary vasoconstrictor nerve responses were obtained, 
indicates a stability of the pulmonary vascular bed the greater part of 
which was being perfused. These consistent responses were obtained in 


experiments in which the lung hindrance gradually increased, thus sug- 


vesting that interstitial oedema was not an important factor in determining 
the responses. 

The relation between the rate of decay of pulmonary vasoconstrictor 
responses and the duration of interruption of tiie bronchial circulation is 
of particular interest, since in testing for pulmonary vasomotor nerve 
activity it is essential to carry out some of the nerve stimulations during 
temporary interruption of bronchial circulation. Persistence of the 
pulmonary vasomotor responses during such interruptions excludes the 
possibility that they are due to passive effects on the pulmonary vascular 
bed caused by vasomotor changes in the bronchial vascular system. 
Temporary bronchial circulation interruptions usually lasted for 1-3 min 
only, and the observations reported indicate that during such periods the 
vasoconstrictor response to stimulation of post-ganglionic sympathetic 
fibres can be expected to be reduced by 15°, or less. 
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SUMMARY 


1. In atropinized perfused left lung lobe preparations of the dog, with 
additional perfusion of the bronchial circulation and of the vascular 
territories supplying the thoracic pulmonary nerves, stimulation of the 
nerve pathway carrying pulmonary sympathetic fibres (sympathetic chain, 
stellate or middle cervical ganglion and thoracic vagosympathetic nerve) 
produced vasoconstrictor responses. 

2. The constrictor response was extinguished in 10-35 min by inter 
ruption of bronchial circulation perfusion and recovered in about the same 
period on restarting this perfusion 

3. Ventilation with 6°, CO, in N,, which reduced the pO, of the per 
fusate to 26-38 mm Hg, diminished but did not extinguish the vaso 
constrictor response to sympathetic nerve stimulation. This diminution 
in response could not be correlated with the small changes in pCO, and 


pH which accompanied the changes in pQ,. 
4. Bronchial arterial pressures below 40 mm Hg caused a diminution 
in the pulmonary vasoconstrictor response to sympathetic nerve stimula- 


tion in two out of three experiments. 

5. Some of the pulmonary vasoconstrictor nerve fibres survive periods 
of bronchial circulation ischaemia lasting 5 hr. 
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The polypeptide bradykinin has attracted much attention since the 
first description of its actions and properties by Rocha e Silva, Beraldo & 
Rosenfeld in 1949. Following the recent isolation of bradykinin (Elliott, 
Lewis & Horton, 1960a) and the determination of its structure (Elliott, 
Lewis & Horton, 1960), it has been shown that the pure polypeptide 
possesses all the biological properties demonstrated for crude preparations 
(Elliott, Horton & Lewis, 1960). 

In the systemic circulation bradykinin causes pronounced vasodilatation 
and increased capillary permeability in several species. However, the 
effect of bradykinin on the pulmonary vascular bed has not been examined. 
The only reported effect of bradykinin in the lungs is that of Collier, 
Holgate, Schachter & Shorley (1959), who showed that bradykinin causes 
bronchoconstriction when injected intravenously into guinea-pigs. 
Bronchoconstriction was also observed in isolated perfused guinea-pig 
lungs, although here much larger doses of bradykinin were necessary. 

In the present experiments on an isolated perfused dog lung prepara- 
tion, bradykinin caused vasodilatation of the pulmonary vascular bed, 
which, however, seemed to be less sensitive than other vascular fields. 
The airways of the isolated perfused dog lung preparation were never 
constricted and in some experiments were slightly dilated by bradykinin. 

A preliminary communication on the findings has already been published 
(Waaler, 1960). 

METHODS 

Mongrel dogs (17-25 kg) were premedicated with morphine (2 mg/kg) and injected 
intravenously with heparin (Boots powdered heparin, 3 mg/kg). In some of the experiments 
atropine sulphate (1 mg) was also injected intravenously. After inserting a cannula into 
a femoral artery under local anaesthesia exsanguination was carried out. During collection 
of the blood more heparin (6 mg/100 ml. blood) was added to the blood, which was then 
filtered through one layer of linen (mesh 504 by 250,) and stored at 36°C until used 
undiluted for the subsequent perfusion. 


Perfusion. Either the left apical together with the left cardiac lobe, or the left dia- 


phragmatic lobe alone were used, perfusion of both the pulmonary and the bronchial 
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circulation being carried out as previously described (Daly, 1956; Daly & Waaler, 1960). 
The pulmonary circulation was perfused either at constant volume inflow or at a constant 
head of perfusion pressure at 14-22 mm Hg. The reduced systemic circulation, including 
the bronchial vascular system, was perfused at constant volume inflow. This perfusion was 
carried out through a cannula inserted into the lower end of the thoracic part of aorta, the 
ascending aorta being clamped close to the heart The main bronchial artery or arteries, 
which in the dog come off from the 5th—8th intercostal arteries on the right side, were 
segregated and preserved. The other arterial branches from the aorta were ligated. Some 
blood passing through the aorta, however, was short-circuited back to the blood 
through emall arterial leaks or by means of a cannula inserted into an aortic 

branch. This arrangernent prevented stagnation of blood in the aorta 
Cleaning of equipment and measurements of pressures and flow were carried out as 

deacribed by Allison, Daly & Waaler (1961) 

Pulmonary vascular resistance. The pulmonary vascular resistance (PVR) was calculated 


according to the formula 


PVR Pulmonary arterial pressure (mm Hg) — Left atrial pressure (mm Hg) 
: Left atrial flow (1./min) x z/m* body surface . 
where « equals the ratio of total lung weight to the weight of the perfused lobes, as given by 
& Rosas (195 
Ventilation. The lung lobes were ventilated with 6 %, CO, in air by a Starling ‘Ideal’ pump 
ik inspiratory pressure of 80-90 mm of water. The ventilation overflow was measured 
the method of Konzett & Réssler (1940) 
Bradykinin. G. P. Lewis kindly supplied pure bradykinin (Elliott et al. 1960a) and also 
j 


part purified sample (P, Both preparations were used diluted in NaCl solution 


.! 


0-9 @/100 ml. The dilutions were made up freshly before each experiment The bradykinin 


mtaining solutions were injected into the pulmonary arterial inflow tubing or into th 


yr. from which the bronchial arteries were being pe rfused, The injections 


ne needles, the volumes (0-1—1-0 ml.) being ke pt constant for each 


illected from hurman subjec ts by their spitting into a container, and from the 
llecting the spontaneous flow after morphia medication, Both types of saliva 


at 1200 g for 30 min, the clear supernatant liquid being used 


RESULTS 

Effect on pulmonary circulation. The effect of injections of bradykinin 
into the pulmonary arterial inflow tubing was examined in eight atro 
pinized and three non-atropinized preparations. The usual response to 
such an injection was a fall in PVR, which was obtained in nine experi 
ments; no response was obtained with one preparation and an increase in 
PVR in another. The minimal effective dose producing a vasodilator 
response, as tested in three preparations, varied from 0-5 to 5ug of pure 
bradykinin. From 2 to l0ug produced the maximal dilator effect, giving 
a fall in PVR of from 4 to 20° 
reached its maximum in 1-2 min and lasted for 2-20 min after the injec- 


.. The dilator effect was evident in 15—30 sec, 


tion. When the injection of bradykinin was repeated several times, the 
responses diminished, even when the intervals between injections were as 


long as 15-20 min. This tachaphylaxis is illustrated in Fig. 1, which shows 
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the responses to three successive injections of pure bradykinin. With each 
subsequent injection the size and duration of the dilator response diminish. 
In the experiment of Fig. 1 the PVR was spontaneously and gradually 
falling during the period of the tests, as shown by the decline in perfusion 
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fl | 
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24- 
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30 sec 


Fig. 1. Effect of successive injections of bradykinin into pulmonary artery 
of isolated perfused lung lobe preparation. Dog, m, 17 kg. Left apical and 
cardiac lobes perfused. Left atrial pressure 6-5 cm saline. Injections into 
pulmonary arterial inflow tubing of 0-2 ml. 0-9% NaCl solution at 1.11 p.m., 
of 10 ug pure bradykinin (in 0-2 ml. 09% NaCl) at 1.24 p.m., 1.34 p.m. and 
1.54 p.m. Vent = ventilation; L.A left atrial; P.A.p. = pulmonary arterial 
perfusion pressure; B.P. = perfusion pressure in reduced systemic circulation 
(bronchial circulation). Ventilation pump stroke = 77 ml. Pulm mary vascular 


resistance (PVR) range during these observations 7-4-6-5. 


pressure. A gradual fal! in PVR during the initial 1-2 hr of perfusion is a 
usual feature of most experiments of this type. 

Injections of the crude bradykinin P, caused vasomotor effects indi- 
stinguishable from those given by pure bradykinin, the relative potency 
of the crude material in this preparation being about 1/200 of that of the 
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pure polypeptide. This relationship agrees well with what Elliott et al. 
(1960) found when comparing pure bradykinin with P, on other biological 
preparations. 

There was a tendency for bradykinin to cause more marked vasodilata- 
tion when the PVR was high than when it was low. This is illustrated in 
Fig. 2 which includes the maximal responses to bradykinin in ten experi 
ments in which tests were carried out at different PVR levels. The high 
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Fig. 2. Vasodilator responses to bradykinin in isolated perfused dog lung lobe 
preparations at various levels of pulmonary vascular resistance (PVR). Pure 
bradykinin or P, (partly purified substance) injected into pulmonary artery of pre- 
parations. The responses are the maximal ones obtained in 10 preparations, two 


of which are represented by two observations each. 


PVR levels at which some of the tests were carried out occurred either 
during the pulmonary vasoconstriction which follows the start of bronchial 
circulation perfusion in a handled lung (Daly & Waaler, 1960) or at a late 
stage in an experiment, when the PVR tends to rise. Because of the 
tendency for tachaphylaxis, only one or two responses from each prepara- 
tion are included in the figure. Where one preparation is represented by 
two observations, the last of them was separated from any previous 
injection of bradykinin by an interval of 1 hr or more. The vasomotor 
response to bradykinin was unaffected by atropine, the atropinized 
preparations giving vasodilator responses as great as those given by the 
non-atropinized ones. 
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Effect on bronchial circulation. Bradykinin caused a fall in the perfusion 
pressure of the reduced systemic circulation when injected into the aortic 
inflow tubing, or when added to the blood perfusate in the reservoir. 
Since the reduced circuit consisted of the aorta and the bronchial vascular 
bed only, this fall in pressure is interpreted as being due to a vasodilata 
tion in the bronchial circulation. Because of the shunting of a considerable 
amount of blood from the aorta back to the reservoir (see Methods), this 
perfusion circuit did not allow more than a qualitative evaluation of its 
vasomotor responses. 

Effect on the airways. Injections of pure bradykinin or of P, into the 
pulmonary artery either caused a small bronchodilatation (Fig. 3) or had 
no effect on the tidal air (Fig. 1). Small bronchodilator responses were 
seen in one out of three non-atropinized preparations and in four out of 


eight atropinized ones. The bronchodilator effect never caused more than 


a 5°. inerease in tidal air. Like the vascular effect of bradykinin the 
bronchodilator effect also diminished on repeated injections, as is illu 
strated in Fig. 3 

Injections of bradykinin through the aortic inflow tubing into the 
bronchial circulation also caused either a small bronchodilatation (one 
test) or no change in tidal air (two tests). Bradykinin did not cause 
bronchoconstriction in any of these experiments whether injected into the 
pulmonary or into the bronchial circulation 

Effect of saliva on the isolated dog lung. Dog saliva, known to contain a 
bradykinin-forming enzyme, caused a fall in PVR in five out of six tests 
when added to the blood perfusate. The response to the addition of 1-2 ml 
of saliva was of the same magnitude as that obtained with injections of 
10ug pure bradykinin into the pulmonary artery. This vasodilator effect 
occurred about 30 sec after the addition of saliva to the blood reservoir, 
and it lasted for 3-10 min. The preparation which responded to injections 
of pure bradykinin with pulmonary vasoconstriction gave a constrictor 
response also to the addition of dog saliva. In one of the tests there was 
a moderate bronchodilatation, in the remaining five no effect on the tidal 
air. 

In contrast to dog saliva human saliva always caused a marked increase 
in PVR and a reduction im tidal air. The effects of dog and human saliva 
on the pulmonary and bronchial circulations and on the airways are shown 
in Fig. 4. Addition of 0-5-2 ml. of human saliva to the perfusion blood in 
nine other experiments gave results similar to those illustrated by the last 
observation in this figure. The vasoconstrictor response to human saliva 
started 0-5—1-25 min after the addition of the saliva to the blood reservoir. 
and reached its maximum 1-25-13 min after the addition. However. if 
the saliva was left in contact with cell-free plasma for 10-20 min, the 
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addition of this mixture to the reservoir caused a more rapidly developing 
vasoconstriction which reached its maximum within 1-5 min. In two of the 
ten tests with addition of human saliva the vasoconstrictor response was 
preceded by a short-lasting fall in PVR 

In preparations perfused at a constant head of pressure (as in Fig. 4) 
the flow did not recover after being reduced by the effect of added human 
saliva. In preparations perfused at constant volume inflow (pulsatile flow) 
the PVR usually returned to the previous value within 15-30 min. 

When human saliva was added to the blood reservoir the broncho 
constrictor response started 0-5-4 min later, thus sometimes (as in the 


experiment of Fig. 4) being delayed in relation to the vasomotor response. 


Vent 


overflow (mi.) 


1.06 1.16 1.26 p.m 
Time 
of successive injections of bradykinin (P,) into pulmonary artery of 


solated perfused lung lobe preparation. Dog, m, 23 kg. Left api al and cardiac 


bes perfused Left atrial pressure 35cm saline. Ventilation pump stroke 


Injections into pulmonary arterial inflow tubing of 100 yg of P, at 
at 12.56 p.m., 5mg P, at 1.06 p.m. and 1.16 p.m. and of 
at 1-26 p.m. Each dose of P, dissolved in | ml. of 


viations as in Fig. 1. PVR range during these observa 
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Addition of human saliva to the blood perfusate usually had little effect 
on the bronchial circulation perfusion pressure (see Fig. 4), this pressure 
showing a small to moderate rise in three preparations, a fall in three and 
no change in another two. In the remaining two preparations tested the 
bronchial circulation was not perfused 


Vent 
overflow (ml.) 


L.A. outflow 290 - 
(ml./min) 


hn ee ee ee 
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40- 
20 


‘ 
BP. (mm Hg) ‘ 


30 sec 


407 419 4.31 p.m 
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Fig. 4. Effect of addition of dog and human saliva to blood perfusate of isolated 
lung lobe preparation. Dog, f, 17 kg; 1 mg atropine sulphate intravenously before 
exsanguination. Left apical and cardiac lobes perfused. Left atrial pressure = 4 cm 
saline. Ventilation pump stroke 44 ml. to 4.26 p.m., then reduced to 36 ml 
Addition to blood reservoir of 1 ml. dog saliva at 4-07 p.m., 2 ml. dog saliva at 
4.19 p.m. and 1 ml. human saliva at 4.31 p.m. Abbreviations as in Fig. 1. PVR 


range during these observations 6-5-10-7. 


DISCUSSION 


In isolated lung lobes of the dog, perfused with autologous blood through 
both the pulmonary and the bronchial circulations, vasodilatation was the 
predominant response of the pulmonary vascular bed to bradykinin 
injections. The reduction in pulmonary vascular resistance (PVR) caused 
by bradykinin was, however, never very marked. Bradykinin was also 
found to dilate the bronchial vascular system, but no comparison between 
this response and that of the pulmonary vascular bed was feasible, because 


31-2 





482 B. A. WAALER 


the systemic perfusion circuit was unsuitable for quantitative evaluations 


of vasomotor responses. 
There are two explanations of the fact that the vasodilator effect of 
bradykinin in the pulmonary circulation was stronger at high levels of 


PVR than at low levels. One interpretation is that bradykinin may act 
more powerfully on vessels which have a greater vasoconstrictor tone than 
on more relaxed vessels, another that bradykinin may be acting selectively 
on types of vessels which remain open at the high PVR levels, whilst 
non-responsive vessels are closed down. 

The effect of bradykinin on the airways in the isolated lung differs from 
that obtained in the guinea-pig, in which Collier ef al. (1959) have found 
that bradykinin causes bronchoconstriction not only in vivo but with large 
doses in isolated perfused lungs as well. However, the recent finding of 
Collier & Shorley (1960), that a bronchodilator response to bradykinin in 
the guinea-pig may be unmasked when the bronchoconstrictor response is 
prevented by acetylsalicylic acid, suggests that in the guinea-pig too 
there is sometimes a bronchodilator component in the response to 
bradykinin. 

The effect of dog saliva may be fully explained in terms of bradykinin 
formed when the bradykinin-forming enzyme in saliva comes into contact 
with plasma globulins. However, bradykinin formation cannot explain the 
completely different response to human saliva. Walaszek & Huggins (1959) 
have recently shown that when amylase, a constituent of human but not 
‘f dog saliva, is incubated with plasma proteins, a polypeptide is formed 
vhich has a vasoconstrictor effect. It is conceivable therefore, that the 
pulmonary vasoconstrictor and bronchoconstrictor responses to human 


saliva in our preparation are due to such a polypeptide. 


SUMMARY 


|. Injections of pure bradykinin into the pulmonary artery of a per- 
fused isolated dog lung preparation caused a small or moderate pulmonary 
vasodilatation. The vasodilatation was more marked at high than at low 
levels of pulmonary vascular resistance. 

2. Whether the preparation was atropinized or not, bradykinin caused 
either a small bronchodilatation or had no effect on the tidal air. 

3. Both the vasodilator and the bronchodilator responses to bradykinin 
were reduced on repeated injections. 

+. Additions of dog saliva to the blood perfusate caused effects similar 
to those given by injections of large doses of pure bradykinin. Human 
saliva, however, caused marked pulmonary vasoconstriction and broncho 
constriction when added to the blood perfusate. 
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[In curarized sympathetic ganglia responding to preganglionic volleys 
the initial negative (N) potential may be followed by a longer lasting 
positive (P) potential and, at least in the superior cervical ganglion of 
turtles and rabbits, by a prolonged late negative (LN) wave (Laporte & 
Lorente de N6, 19504: Eccles, 19524). These slow P and LN waves are 
distinetly larger and more definite following a tetanic train of preganglionic 
volleys than after a single volley. They can occur in the absence of any 
vanglionie spike discharge and are affected not only by the curare-like 
substances and anti-cholinesterases (Eccles, 1952a, 6) but also by certain 
ither synaptic blocking agents to be reported below. (The symbols N, P 
ud LN will be used in this paper to refer only to potentials which do not 
require the discharge of a post-synaptic impulse for their production, as 
in Fig. 1, 77, i.e. they will not include ganglion-cell after-potentials. The 
positivity following spike discharge in the uncurarized ganglion, as in 
Fig. 1. 7, will not be referred to as a P-wave, but will be called after 
positivity.) In this paper the question of the probable origins of these 
various components of the response seen in the curarized ganglion will be 
considered 

More specifically, the following points have been investigated in the 
present work. The distribution of the preganglionic fibres, among the 
lower and higher threshold fibre groups, in relation to the component of 
the response which is elicited, has been analysed. To test the possibility 


that a non-cholinergic pathway is involved in generating the P or LN 


responses, Botulinum toxin was applied to uncurarized ganglia. Ambache 
(1949, 1951), Burgen, Dickens & Zatman (1949), and Brooks (1956) have 
shown that this agent appears to paralyse specifically the release of 
acetylcholine without affecting responsiveness to applied acetylcholine 
(ACh) or adrenergic release, although the extent of this specificity has 
recently been questioned (Winbury, 1959). To help distinguish among 
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cholinergic actions, the effects of atropine were compared with those of 
Numerous reports have indicated that adrenaline 


curariform blockers. 
may be involved in transmission in sympathetic ganglia (see review by 


Goffart, 1957), and that there is a release of an adrenaline-like substance 
following preganglionic stimulation (Bilbring, 1944). Therefore the actions 
of adrenergic-blocking drugs and of certain related substances on the 
ganglionic potentials were investigated in the present work. It will be 
seen that the N, P, and LN components of the response of the curarized 
ganglion are best characterized as post-synaptic potentials which exhibit 


sometimes sharply differential properties. A theoretical picture will be 


proposed which postulates different post-synaptic sites and transmitter 


actions toexplain the origins and properties of such post-synaptic potentials 


METHODS 


The rabbit superior cervical ganglion w th its pre- and post-ganglionic nerve trunks was 
solated (from rabbits under paraldehyde anaesthesia) and mounted in a chamber, as alread: 
described (Eccles, 1952a). The ganglion was freed from all external connective tissue 
including the sheath, under a binocular icroscope Usually one or two small snips were 
ade in the cleaned ganglion so that thorough penetration, particularly by Botulinun 

, 


might be facilitated, although it s qu stionable whether 
e arranged with the cathode proximal te 


toxin, this was necessary. The 
stimulating leads on the preganglionic trunk we 


the ganglion, with an earthing electrode between cathode and ganglion: the active recording 


electrode supported the ganglion usually at its cranial, post-ganglionic pole, the second lead 


being located some millimetres away, at the cut end of the post-ganglionic nerve 


The Ringer—Krebs solution had the same cor tion 
1055 All the drug effects studied (unless otherwis 


except for 1-0 mm Mg*", instead of 


(5 mM) as that used earlier (Eccles, 


stated) were tested in vitro on these ganghon preparations, at 35—38° ( Adrenaline, how 


ever, was tested on the responses of ganglia in vivo, since the concentration of adrenalin: 
n the bathing solution of an isolated preparation 18 subject to the vagaries of oxidation both 
enzymically and non-enzymically in the high pO, of the bath. All ganglionic responses wer 
recorded on an os illoscope after amplification by a Dt amplifier. 

The Botulinum toxin was a sample of Type A, P-3 received from Porton in 1954. A mouse 
assay showed the LD,, to lie in the range 1—4 x 10-* mg, i.e. it was close to the original value 


given, 2x 10-*mg (see Brooks, 1956 The toxin was weighed out and dissolved in 
| Na,HPO, with 0-2% gelatine at a pH of 6-6. The dissolved toxin was kept at — 20°C, 
there being no loss in toxicity over 3 weeks (Ambache, 1951). The amount of solution con 
taining toxin or other drugs which was added to the environment of any ganglion was too 
small to cause any appreciable dilution of the Ringer's solution. The slight increase in 
phosphate that did occur with addition of toxin was shown to be ineffective, as responses of 
1 ganglion in a solution at equivalent phosphate level were unaltered over 5 hr. The usual 
precautions were taken when handling Botulinum toxin. Any solutions that contained or 
could have been contaminated by toxin were boiled for 30 min before they were discarded 

lo produce curarization of the ganglia dihydro-8-erythroidine hydrobromide was applied 
in a concentration (usually about 10 ug/rol.) which was just sufficient to extinguish the spike 
discharge of the ganglion even upon repetition (although if a very small spike appeared only 


among the first few responses of a tetanic train it was tolerated). 
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RESULTS 
Preganglionic control 

Preganglionic fibre type. The preganglionic fibres supplying the rabbit's 
superior cervical ganglion may be classified into the lower threshold 
myelinated, B group and the higher threshold, unmyelinated, C fibres 
(Bishop & Heinbecker, 1932). It had been reported earlier (Eccles, 1952a) 
that stimulation of fibres having conduction velocities of the first group 
initiates the S, spike discharge in the uncurarized ganglion. Stronger 
stimuli, which also excite the fibres having conduction velocities of the 
second group, added a later Sp spike discharge to the ganglion response, 
and also produced a considerable enlargement in the after-positivity that 
follows the response to a single volley. These findings were confirmed in 
three ganglia of the present series. A similar correlation of post-ganglionic 
spike discharges with B and C fibre preganglionics was found for the turtle's 
superior cervical ganglion by Laporte & Lorente de N6(1950a). It should 
be noted that our preganglionic recordings did not permit clear observa 
tion of the appearance of the slower subgroups of the B fibres, described 
by Bishop & Heinbecker (1932). Any special significance that such fibres 
might have for the initiation of the various responses investigated in this 
work would therefore remain unknown. Also, the maximum height of the 
S, spike usually was achieved only at a stimulus strength which was above 
threshold for the Sp» response (e.g. Fig. 42), making it difficult to exclude 
the possibility that some of the lower threshold fibres of the C group might 
be contributing to the later part of the Sq spike discharge. 

In the present work, the strength of the stimulus required for the 
excitation of B and C preganglionic fibres was studied in relation to 
production of the P and LN potentials by tetanic trains of preganglionic 
impulses (usually 40/sec, with 0-5 or 1 sec train duration) in just-curarized 
ganglia. In most experiments the preganglionic action potentials were not 
actually monitored; instead, the stimulus strengths required to produce 
the maximal S, and Sy spike discharges of the uncurarized ganglion were 
used as an approximate index of the activation in that preparation of the 


B group and of the B plus C groups respectively (e.g. Figs. 1, 7A, 2 and 
4. E, A). These stimulus strengths will be referred to as maximum S, and 


maximum Sp» respectively 

In most cases, the P wave of the curarized ganglion showed a definite 
and often large increase when preganglionic stimulus strength was raised 
from max. S, to max. S» (e.g. Figs. 4N, R; 5G,J7; and 1,770, G, D, Hin 
which 8, alone, in C and D, was slightly submaximal). Laporte & Lorente 
de N6 (19506) also demonstrated a large production of P potential by 
C fibre preganglionic volleys in curarized turtle ganglia. With a stimulus 
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strength of about one half to two thirds max. Sa, the P wave was cor- 
respondingly lower (e.g. Fig. 4.7, V). In four out of ten ganglia, however, 
the changes in P wave were small, or negligible, or somewhat variable 


(e.g. Fig. 37, M). Since P was significantly larger at the max. Sp strength, 
the latter was included in all the test situations reported in this paper. 


/ . 


A 
| ee a eo 
=e ey 


50 msec 





tsec 4 
j 








Fig. 1. Effects of stimulus intensity, frequency, and train duration (total number) 
of preganglionic volleys on ganglion responses. Section /A—J H, before curarization ; 
section 11 A-I1 M, after curarization with dihydro-8-erythroidine-HBr, 7-5 pg/ml 
For both horizontal rows ] A—D and // A-—/), stimulus strength 6V, in this case 
somewhat submaximal for 8, spike and below 8,, spike threshold ; for both horizontal 
rows E-—H and for row J-M, stimulus strength 30 V at max. 8S, strength. Vertical 
column under A, single volley (except in J] J, 40/sec); column under B, 10/sec train 
of stimuli for 2 sec duration (except J] K, 10/sec for 0-5 see); colurm under C, 20/se« 
for 1 see (except 1/ L, 20/see for 0-5 sec); under D, 40/see for 0-5 see (except 11 M, 
15/sec for 0-5 sec). Time scale in JA applies to vertical column under A; that in J B 
applies to all the rest. Voltage scale in J A applies to all of section /; that in // A to all 


of section JJ]. Faint spike potentials have been retouched 


The LN wave, on the other hand, was either slightly or not at all greater 
when stimulus strength was raised from max. S, to max. Sp» (e.g. Figs. 1, 
110,G, D,H:31, M:4N, R-5G,J7). The magnitude of LN wave was also 
less sensitive than the P wave to a reduction of stimulus strength to about 
one half max. Sq (e.g. Fig. 47, N) 

Frequency and total number of preganglionic volleys. It seemed possible 
that another way to differentiate the origins of the various components of 
the synaptic potentials might lie in examining their generation by different 
frequencies of preganglionic volleys. Since P and LN waves develop 
slowly and have long durations, the train duration or total number of 
preganglionic volleys might also have an effect, independent of the 
frequency. Consequently, tests were done (a) with different frequencies 
but with a constant number of twenty volleys, by suitably adjusting the 
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train duration at each frequency, and (6) with different frequencies at a 
constant train duration (i.e. varying total number of volleys as well as 
frequency) 

In Fig. 1, //, it may be seen that the P wave which follows the pre- 


ganglionic tetanus in a curarized ganglion shows a definite increase in 


amplitude and duration with increase in frequency of the preganglionic 
volleys. This occurred whether (a) the total number of volleys was kept 
constant at 20 (Fig. 1, /] F, G, H) or (b) the train duration was kept constant 
at 0-5 sec (Fig. 1, /7.K, M, L, H). If the P wave is observed for the same 
tetanic frequency but with different train durations (i.e. varying the total 


number of preganglionic volleys) there is much less change (e.g. Fig. 1, // F, 
K, or G, L), or sometimes a change in the opposite direction (i.e. a larger P 
with shorter train duration). While only frequencies between 10/sec. and 
10/sec. are illustrated in Fig. 1, P was seen to be even smaller at 6/sec than 
at 10 and somewhat larger (though not always so) at 60 or 80/sec. A change 
in P with frequency was seen whether the preganglionic stimulus strength 
was at the max. 8, level, as in Fig. 1. /7 B, C and D, or at max. Sp, as In 
Fig. 1, /7 F, G, and H. Thus the post-tetanic P wave is sensitive to the 
frequency rather than the total number of the preganglionic volleys which 
elicit it, becoming maximal with about 40—60/sec tetani. In the uncurarized 
ganglion the after-positivity, presumably largely or entirely due in this 
case to true positive after-potentials, appeared to show less striking 
changes with change in frequency (Fig. 1, /). 

The LN wave, which lasts for several seconds after the P wave in a 
curarized ganglion, appears to behave differently from the P wave. In 
condition (a), total number of volleys constant at 20, there was relatively 
little effect of change in frequency between 10/sec and 40 (or even 80)/sec 
(Fig. 1, /7 B, C, D, F, G, H). This result obtained at both strengths of 
preganglionic stimulus. Though not included in the figure, the LN wave 
after a 2/sec tetanus (train duration, 10 sec) was distinctly present but 
considerably smaller than at 6/sec (train duration, 3-2 sec). The LN wave 
whieved its maximal amplitude at about 6 or 10/sec, though its duration 
and total area tended to increase somewhat with further increase in 
frequency. On the other hand, in condition (+), with train duration fixed 
at 0-5 sec, the LN wave did increase progressively with increasing fre 
quency at least up to 60 or 80/sec (e.g. Fig. 1, 17 K, M, L, H). This increase, 
however, can be explained by the increase in total number of volleys which 
occurred as the frequency was raised. This explanation is confirmed by 
observing the LN wave at a given frequency but with changing train 
duration (i.e. change in total number of volleys only), as in Fig. 1, J] K 
and F, or L and G@ (see also Eccles, 19525). Thus the LN wave increases 
significantly in amplitude and duration mainly with increase in total 
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number of volleys (at least between 2 and 20), and shows relatively little 


change with increase in frequency per se above 6 or 10/sec. 

The above description has dealt only with the post-tetanically observed 
P and LN waves, and not with any responses during the tetanus. It has 
also ignored the masking of one potential by another simultaneously 
occurring one. If one examines the onset of the positivity and of the 
secondary negative swing during the repetitive train of stimuli in curarized 
ganglia, one sees that the swing toward positivity begins early in the 
tetanus, superimposed upon the N potential (Fig. 1, 77; see also, Laporte & 
Lorente de N6, 19506; Eccles, 19526). The secondary negativity, however, 
does not become evident until about 0-4 sec of the tetanus has elapsed. 
It seems likely that the secondary negative swing in the base line that 
may be seen during a tetanus (e.g. Fig. 1, // B, C, F, G)is part of the same 
process that leads into the LN wave which is seen following the tetanus 
(see also Eccles, 19526, Figs. 3, 9, 10). When the P wave has been almost 
completely abolished by dibenamine (see below), the remaining partially 
depressed post-tetanic LN wave becomes evident immediately after the 
0-5 sec tetanus is over (Fig. 5 K, L). Even if this secondary negative base 
line swing during a tetanus were to be included in the total LN potential, 
it would not appear to modify seriously the conclusions derived with 
respect to changes in LN potential under the conditions tested. 

Electrical interaction by the overlapping of N, P and LN during a 
tetanus make it impossible quantitatively to determine the values of each 
response. The estimate of the component of P potential during the tetanus 
would seem to be more obscure than that of N or LN, even for a train 
lasting 0-5 sec or less so as to avoid the onset of the late negativity during 
stimulation (Fig. 1, /7 K, M. L. H). Thus one is less confident than in the 
case of the LN response about the influence of any changes in P potential 
during a tetanus on conclusions derived from observing only the post 
tetanic component of P. However, under conditions in which the 
N potential is relatively suppressed (heavy curarization), the P wave 
recorded during a 20/sec tetanus appeared to show relatively little increase 
in amplitude as the train duration was increased from 0-2 to 3-0 sec, 
though there was some increase in the duration, i.e. total area, of the 
P wave (Eccles, 19526, Fig. 6). 

The overlapping of the P and LN components must be borne in mind 
when assessing even their post-tetanic values. For example, the marked 
reduction in amplitude of the LN wave by the addition of an anti- 
cholinesterase to a heavily curarized ganglion is coupled with an increase 
in the amplitude but especially in the duration of the P wave (Eccles, 
19525). 
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Botulinum toxin 


After introducing Botulinum toxin into the solution bathing an un- 


curarized ganglion, the ganglionic responses to preganglionic volleys were 


tested periodically. These volleys were not continuous, being delivered 


in testing groups at intervals of about 4-1 hr. In all experiments except 
the first a concentration of 20,000 mouse LD,, units of toxin per millilitre 
of bath fluid was used. With this dose of toxin it was found that the spike 
responses to single volleys progressively decreased to zero within 2-3 hr 
(e.g. Fig. 2A, B, C, D), leaving behind a synaptic potential which also 
gradually disappeared within another hour or two (Fig. 2D, FE, F, @). 
Repetitive stimulation could still elicit either spikes or negativity for some 
time after single volleys were no longer effective (e.g. Fig. 2, bottom three 
horizontal rows). At no time during this blocking action of the toxin could 
any change be detected in the stimulus thresholds or action potentials of 
the preganglionic B or C fibre groups. 

As in curarized ganglia, a post-tetanic P wave was visible (after a 
40/sec tetanus lasting | sec, Fig. 2W, X, Y) even when there was no longer 
any evidence of spike discharges (Fig. 2, horizontal rows E, L, S; F, M, 7; 
and G, N, U). In contrast with the curarized ganglion, an LN wave was 
very small (Fig. 2 W) or absent during the Botulinum depression. Further- 
more, there appeared to be no obvious differential blocking of the various 
potential components; the N and P waves (and LN, when present) 
decreased together progressively during the action of the toxin (Fig. 2 W, 
X, Y) 

Several other points of interest may be noted in Fig. 2. (a) The S, and 
S» spikes did not disappear at similar times of Botulinum action, the 
S» spike outlasting the former (Fig. 2C, D, vs. A, B). (b) Even when the 
ganglion spike has been greatly reduced, as tested with single preganglionic 
volleys (Fig. 2C, D), it was increased and sustained upon repetitive 
activation at 40 and 80/sec (Fig. 27, K,Q, R). (c) The same applied even 
more strikingly to the negative synaptic potential, N, in the absence of 
spikes. Upon repetition at 40/sec, the N response rapidly increased several 
fold and tended to continue increasing during the course of the 0-2 sec 
train, even when the single synaptic response was almost gone (Fig. 2 £, 
F, G, and L, M, N). At 80/see (Fig. 2S, 7, U) the N response was con 
siderably greater than at 40/sec, especially in the late stages of blocking 
(Fig. 27, U, vs. M, N). Of further interest was the finding that after 
the toxin had suppressed the spike responses, dihydro-8-erythroidine, 
(12-5ug/ml.), produced a further rapid decline of all the remaining 
ganglion responses. Eserine (lug/ml.) added at a similar stage to a toxin- 
treated ganglion had little or no effect on the course of events; there was 
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a questionable small increase in duration, and perhaps in amplitude, of 


the P wave coupled with a loss of what appeared to be a remnant of an 
LN potential. 
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Fig. 2. Progressive effects of Botulinum toxin 


orizontal row, A, H, O, responses 
before toxin; row B, J, P, thr 25 min after addition of 20,000 mouse #5!" 
Botulinum toxin/ml. bath fluid; C, J, Q@, 2 hr; D, A, R, V, 2 hr 30 min; 2, L, S, 


3 hr 15 min; F, M, T, X, 3 hr 50 min; G, N, U, Y, 4 hr 25 min. Vertical sa 


A—G shows response to a single volley at each of the respective times, Vertical 


column H—N, responses to a brief 40/sec tetanus; column O-—U, response to a brief 
ve stimulus strength as H, J and 0); 
column V—Y, responses to a | sec train at 40/se« 


SU/sec tetanus (except P, single volley at san 
Although all stimulus strengths 
were close to or above that required for producing the max. 8, and 8, spikes in the 
normal ganglion, they unfortunately were not identical and will therefore be listed 
by vertical column: (A 17-5V; B, C, D 22-5; BE, F, G25; H, 115; J, K, L 22-5; 
M, N 25; O, P 15; Q, R, S 22-5; T, U 25; V, W 22-5; X, Y 25. The voltage scale 
in A applies to the horizontal rows starting with A, B, C, and D; that in & applies 
to horizontal row E; that in F applies to the horizontal rows F and G. The time scale 
labelled 100 msec applies to the first three vertical columns (under A, H and QO); the 
1 sec scale applies to vertical column V,W,X, Y. Faintspikes have been retouched. 


Atropine 
Atropine was employed in order to test the possibility that more than 
one type of cholinergic receptor site might be involved in the synaptic 
generation of the N, P and LN responses. It was added to the bathing 
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medium of ganglia which were already moderately curarized with dihydro- 
8-erythroidine (approximately 10ug/ml.) and which were thus clearly 


exhibiting the N, P and LN responses, uncomplicated by spike discharge 
or by positive after potentials (e.g. Fig. 3, vertical column A; with 40/sec 


repetition of preganglionic volleys there were very small spikes on a few 


of the early responses). It was found that a low concentration of atropine 
sulphate, 0-lug/ml., depressed both the P and LN waves without having 
any effect on the tetanic N potential (Fig. 3, vertical column B, F, J, N). 
In fact, in some instances the tetanic N potential was larger with atropine. 


A B ¢ 


; Effect of atropine on responses of ganglion already curarized (with 
iro- 8-erythroidine-HBr, 10 ug/ml.). Vertical column A, EE, /, M, after curariza 

m but before atropine; column B, F, J, N, after adding atropine sulphate, 

l ue the curarizing bath fluid; column C, G, K, O, after raising atropine 
1 to 0-5 pg/ml.; column D, H, L, P, after raising atropine to 8-0 ug/ml 

w jj). responses to single volleys, at max SS) spike strength (as 
yetore urarization) for each re sper tive concentration of atropine 
ws E-H and M-—P, responses to 40/sec tetanus of 0-5 sec duration, at 

strength; row /—L, responses to similar tetanus, but at max. 8, spike 

above threshold for the 8S, spike complex). Voltage scale same 

» acale of 20 msec under E£ applies to horizontal rows A—D and 


under K applies to rows /—L and M—P. Faint tracings have been 


Such increases in N were probably due to the depression of a component 
of the P potential which may be occurring during the tetanus. The single 
volley N responses were usually somewhat reduced by atropine; they were 
never increased (e.g. Fig. 3A, B, C, D). When atropine concentration was 


increased to 0-5 and 8-Opug/ml. (Fig. 3C, G, K, O and D, H, L, P, respec 
tively), the LN wave was completely gone, but a small P wave resisted 
abolition even at the Sug/ml. concentration. At the higher concentrations 
some depression of the tetanic N wave became noticeable in some experi- 
ments; but it is significant that a large increase, from 0-5 to 8-0 ug/ml., for 
example, could occur with relatively little change in tetanic N (Fig. 34, 
O vs. L, P). 
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Tibenamine 


Dibenamine and several other drugs (see below) were utilized in an 
attempt to block any adrenergic step that might be involved in producing 
the slow synaptic potentials. Dibenamine was tested in the same way as 
atropine, i.e. on moderately curarized ganglia (e.g. Fig. 4, vertical column 
B, F, J, N, and Fig. 5, column A, D, G, J). A longer soaking time, at least 
45-60 min instead of the usual 20-30 min, was permitted with dibenamine, 
since its action following intravenous injections in vivo takes considerable 
time to develop; a test run on the isolated ganglion indicated that the 


1 sec 

Fig. 4. Effect of dibenamine on responses of ganglion already curarized (with 
dihydro-f-erythroidine-HBr, 7-5 ug/ml.). Vertical column A, Z, J, M, Q, ganglion 
before curarization; column B, F, J, N, R, after curarization; column C, G, A, O, 8, 
after adding of dibenamine | yg/ml. to the curarizing bath fluid; column D, H, L, 
P, T, after raising dibenamine concentration to 4yg/ml. Horizontal row A—D, 
responses to single volleys and row F-—H, to brief tetanus at 40/sec, all at max. 5, 
spike strength ; Z, single volley at max. 5, spikestrength (slightly above threshold for 
S,, spike complex ; compare with A). Horizontal row J—L, responses to 0-5 sec tetanus 
at 40/sec, with stimulus strength somewhat submaximal for 8, spike, i.e. below that 
in E; row M-—P, similar to ]—L but with max. 8, stimulus strength, asin £; row Q-T 
similar to /—L but with max. S, stimulusstrength, asin A. Voltagescale same through- 
out. Time scale under A for A, B, C, D, EB; scale under F for F-H; scale under 7’ for 
IT. Over-exposed, thickened tracing in AK was retouched. 


maximal effect was achieved after this longer soaking period. At a con 
centration of lyg/ml. there was a strong depression of the P wave, a 
smaller depression of at least the total area under the LN wave, and no 
depression or an increase in the tetanic N potential (e.g. Fig. 4, column C, 
G, K, O, 8), although the single volley N wave was reduced (Fig. 4’). At 
higher concentrations (Fig. 4, columns D, H, L, P, 7; and Fig. 5, columns 
B, E, H, K and C, F, 1], L) there was a reduction in the tetanic N wave as 
well as further decreases in the sizes of the P and LN waves (Figs. 4A—L, 
O-P, and S-T’: and 5G-—I and J-—L), and in the single N response (Figs. 
40-D, and 5A—C and D—F). There would seem to be a less differential 


specificity for the dibenamine depression of the P and LN waves as opposed 
to the N potential than is the case for atropine. However, it seems clear 
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that the P wave is distinctly more sensitive to dibenamine than is LN, 
and the LN considerably more so than the N potential 

Adrenaline inhibition and dibenamine. When injected into the blood 
supply of a ganglion with its circulation intact (Marazzi, 19394; Lundberg 
1952), adrenaline reversibly depresses the ganglion spike responses, as 1s 
illustrated in Fig.64, D,G. There was no evidence of facilitation with these 
single test volleys. This confirms earlier reports in which similar dosages 


were used (Lundberg, 1952) 











1 sec 


_. 





in & higher range of concentrations on reaponses of 

olurmn A, LD, G, J, after curarization (dihydro. B-ery 
vut before dibenamine; column B, k, HW, A, after adding 
uranizing bath fluid; colurnn ©, FF, 7, L, after raming 

to Spe/ml Horizontal row A responses to single 

)} sec tetanus at 40/sec, both rows at stimulu rength 
determined in this ganglion before curarization); rows DF 
and G1 reapectively, but at atimulu trength for max S. 


cale same throughout. Time scale under F for A-F; 


If repetitive volleys at 40/sec and 1-0 see train duration were used as 
tests, two phases of depression and facilitation of the spike were seen 


(Fig. 62): (a) The initial spike was depressed as in Fig. 6), but the next 


few spikes were in the range of amplitude seen without adrenaline (Total 


spike height should be measured from the base line prevailing during, not 
before, the tetanus, if these are to be compared for different resting trains 
since there is also a change in the after-positivity, Fig. 6A, )). This large 
facilitation of a second spike, following the first by about 25 msec, was 
already reported by Lundberg (1952). (+) However, following these few 
facilitated spikes the amplitude again dropped off by about 15 or 20°%,, 
and gradually built up once more towards the normal height over a period 
of about half a second. An initial depression followed by some facilitation 
and then by a second period of depression of transmission of a train of 


volleys may also be seen during a tetanus in partially curarized ganglia 
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(e.g. EKecles, 19526); but the subsequent second recovery or facilitation 

phenomenon during a tetanus, in a ganglion subjected to adrenaline, is 
not seen with partial curarization 

Some hours after the end of a slow intravenous injection of dibenamine, 

about 25 mg/kg, the adrenaline test was repeated (Fig. 6C, F, /). There 

was now much less reduction in spike height (both S, and 8S») components) 


D G (Ut 


j ee ae 
x 
H 


Fig. 6. Effect of adrenaline, before and after dibenamine, on ganglion responses. Jn 
vivo preparation, rabbit (approx. 2 kg) anaesthetized with paraldehyde. Vertical 
column A~C, responses at the start of, or just before, the injection of adrenaline ; 
column DF, at approximately the time of the peak effect following an intravenous 
injection of 15 yg of adrenaline bitartrate (D at 24 sec, H at 30 sec, F at 24 sec after 
injection); column G—J, atill later (G and 1 at 120 sec, J at 50 sec after injection) 
Horizontal row A, D, G, responses to single volleys, max. for 8, and somewhat sub 
maximal for 8, spike strength, delivered at a continuous rate of 1/1-7 see during the 
adrenaline test; line B, 2, 1, responses to | sec tetani at 40/sec, delivered periodically 
at about 10-12sec intervals during the first minute after injecting adrenaline and then 
at 30 sec intervals (arrows point to the tip of the first apike of each tetanus shown) ; 
row C, F, 1, as in line A, D, #, but taken approximately 3 hr 20 min after the end 
of a very slow intravenous injection of about 50 mg dibenamine-HCl, Voltage scale 
sare throughout. Time scale under D for rows A, D, G and C, F, 1; scale under 2 


for row B, RB, H. Faint spikes have been retouched 


and in the after-positivity (compare with Fig. 6A, D,@). Lundberg (1952) 
has shown a similar antagonism of dihydroergotamine against the action 
of injected adrenaline. Since the full effect of dibenamine did not occur 
until about 3 hr after its injection, this may explain Matthews’s failure 
(1956) to find an antagonism between adrenaline and dibenzyline, a close 
relative of dibenamine. That a blood level of dibenamine, sufficient to 
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antagonize most of the effects of injected adrenaline, did not itself com 
pletely suppress the P and LN potentials could be shown after curarization 


of such a preparation. 


Other drugs 

Ergotamine (tartrate) ; dihydroergotamine (methane sulphonate). Each of 
these drugs was tested on an isolated, curarized ganglion (one each) at 
concentrations of 1-20yug/ml. and 2-20yg/ml. respectively. At these 
concentrations there was little effect, if any, on the N, P and LN potentials. 
|(3',4'-dichlorophenyl)-2-isopropylaminoethanol-HCl. This compound, 
the chloro-analogue of isoproterenol, has been reported by Slater & Powell 
1957) to block certain inhibitory actions of adrenaline and of isoproterenol 
in smooth muscle, in concentrations of 2-100 ug/ml. On the supposition 
that the P wave in curarized ganglia represents an inhibitory action of 


adrenaline released in the ganglion, it was of interest to test the relative 
sensitivity of the P wave to this drug. The only result obtained was a 
ion-specific depression of all the synaptic potentials (N, P and LN) in 


curarized ganglia, at concentrations of 5 and 10 ug/ml. All these responses 
were virtually abolished when the concentration was raised to 30 ug/ml. 
\ similar depression was seen for the spike and after-positivity in the 
incurarized ganglion. 

\-hydroxy-tryptamine (5-HT); lysergic acid diethylamide (LSD). When 
» HT was added to an uncurarized ganglion in a concentration of 0-lug/ml., 
there was a slight reduction in the spike heights (S, and S») and in the 
after-positivity following a single volley or following a 40/sec tetanus 
lasting 1 sec. An increase in 5-HT concentration to 1-Oug/ml. was followed 
by further slight reductions, Sy more than Sy. Washing for about 2 hr in 
fresh Ringer’s solution partially restored the losses in amplitude of spike 
and after-positivity. Thus 5-HT appeared to have a slight depressant 
action, in the same way as adrenaline; but since it was not tested in a 
perfused ganglion the quantitative estimation of its effectiveness is in 
doubt 

To help test the possibility that 5-HT might be a natural synaptic 
mediator in the origin of the P or LN waves, LSD was added to a curarized 
ganglion. LSD in very low concentrations (0-01 ug/ml.) has been shown 
to antagonize certain actions of 5-HT (Gaddum, 1957). When LSD was 
added, in a concentration of 0-01 or 0-1 »g/ml., to a ganglion curarized by 
dihydro-8-erythroidine, there appeared to be little or no change in P and 
in LN, relative to the N potential, which hardly changed. The drug was 
only tested in one preparation, but that was sufficient to show that its 
effectiveness was much less than that of atropine or dibenamine. 
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DISCUSSION 


Post-synaptic nature of the N, P, and LN potentials. Earlier work has 
already shown that the N response of the curarized ganglion appears to be 
identical with a depolarizing post-synaptic potential that is recorded in 
single ganglion cells by means of an intracellular micro-electrode (Eccles, 
1955). Like the N response, the P and LN potentials in curarized ganglia 
occur in the absence of any ganglionic spike discharge and they should not, 
therefore, be thought of as ganglionic after-potentials (see also Laporte & 
Lorente de N6, 19506). This latter conclusion is further supported by the 
lack of any effect of veratrine (approx. 10~-’ and 10-*m) on the N, P, or 
LN responses, even though this drug greatly increased the negative after 
potential following spikes in uncurarized ganglia (R. M. Eccles, unpublished 
observations). The present work shows that the P and LN potentials of 
lightly curarized ganglia can be readily suppressed by low concentrations 
of other known post-synaptic blocking agents, namely atropine or diben 
amine, with relatively little effect on the N potential. In addition, a record 
ing from the preganglionic nerve, with one lead less than | mm away from 


the preganglionic pole of the ganglion, shows no appreciable N, P, or LN 
potentials when these are elicited in the ganglion (Libet, unpublished) 


The evidence at present thus strongly supports the view that the P and LN 
potentials, like the N potential, are also part of the post-synaptic response 

Differential nature of the N, P, and LN potentials. In the present work 
it is seen that the P and LN components of the potentials recorded in 
curarized ganglia are differently affected by the strength of the pre 
ganglionic volley, and by the frequency as well as by the total number of 
these volleys (Fig. 1). The striking sensitivity of both the P and LN 
potentials to suppression by low concentrations of atropine or dibenamine 
is in sharp contrast to that of the initial N potential (Figs. 3, 4, and 5); 
with these drugs one can retain a tetanic N potential that is unaffected or 
even greater than in the control, curarized state (though there may be 
some decrease of the single-volley N response), while virtually eliminating 
the P and LN potentials. There is also a discernible difference between 
P and LN sensitivities as well; P is the more sensitive to dibenamine, a 
small LN potential being retained even with P completely abolished 
(Figs. 4 and 5), while LN is the more sensitive to atropine (Fig. 3). Earlier 
work (Eccles, 19524) had already shown other differential sensitivities to 
blocking agents. The N potential is much more sensitive to curariform 
blockers ; with these drugs large P and LN potentials can be retained when 
the N potential has been almost entirely eliminated. Anti-cholinesterases 
such as prostigmine have a further differential effect on strongly curarized 
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ganglia, in that they can suppress the LN wave and leave behind a large 
P wave which then is present in a virtually pure form (Eccles, 19526). All 
this evidence seems to leave little doubt that the N, P, and LN com- 
ponents of the response in the curarized ganglion are separate responses 
which probably have different post-synaptic origins. 


Theory to explain the origins of the various post-synaptic potentials 

It is already accepted that the spike response of the post-ganglionic unit 
to preganglionic activation, and the initial depolarizing (N) post-synaptic 
potential, is cholinergically mediated (see Eccles, 1957). 

The P potential. The existence of chromaffin cells and their innervation 
by preganglionic nerve fibres in sympathetic ganglia has been described 
(for refs. see Biilbring, 1944, and Lundberg, 1952). Such cells appear to be 
yenerally associated with the content of adrenaline, rather than nor- 
adrenaline, in tissues other than the adrenal medulla (von Euler, 1959). 
\ significant output of adrenaline from sympathetic ganglia following 
stimulation of the preganglionic nerve has in fact been reported (Lissak, 
1939; Biillbring, 1944). In addition, Lundberg (1952) had reported the 
occurrence of some rise in the demarcation potential of sympathetic 
ganglia in many, though not all, instances following the intravenous 
injection of adrenaline. When this evidence is coupled with our finding 
that dibenamine can eliminate the P potential with relatively little effect 
on the N response, it adds up to strong support for the view that the 
P potential (in curarized ganglia) is elicited by an adrenaline-like substance. 
The latter would be secreted by the chromaffin cells in response to pre- 
ganglionic volleys and, after diffusion to appropriate sites on the post- 
ganglionic neurone, would initiate a hyperpolarizing response (the surface- 
positive, P, wave) at the membrane of this cell. The latency of onset for 
P (or LN) is virtually impossible to estimate accurately because of the 
temporal interaction that is possible among the N, P and LN components. 
However, P latency appears to be much longer than that for N, and 
certainly its duration, with single or repetitive preganglionic volleys, is 
much longer (even seconds, in the presence of prostigmine). Such slow 
characteristics would fit with the proposed adrenaline secretion-diffusion 
mechanism. 

We find that Botulinum toxin gradually suppresses all the ganglion 
responses without any definite distinctions. We may therefore assume that 
there are synaptic junctions that involve the release of acetylcholine 
which are interposed in the mechanisms originating all the post-synaptic 
components. In view of the proposed position for a transmitter action of 
adrenaline (see above), the interference with the P response by Botulinum 
toxin would have to be placed at a prior step in the sequence, i.e. at the 





SYNAPTIC POTENTIALS IN GANGLION 499 


activation of the chromaffin cells by the preganglionic nerve endings (see 
Fig. 7). The cholinergic synapse leading to the P potential is relatively 
insensitive to curariform drugs (or to penta- and hexa-methoniums, 
R. M. Eccles, unpublished observations), but is readily suppressed by low 
concentrations of atropine, hence it would appear that the receptor sites 
for ACh on the chromaffin cells are different from N sites on the ganglion 
cell, i.e. they are perhaps muscarinic rather than nicotinic in nature. This 


part of the hypothesis could be tested by comparing the effects of atropine 
with curare- or nicotine-like blocking agents on the actual release of 
adrenaline-like substance following preganglionic nerve stimulation. 
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Fig. 7. Diagram of theory suggested to explain the synaptic origins and blockade 
of the N, P, and LN potentials. Receptor sites for the transmitter substances are 
shown as small blocks on cell membranes. (It should be noted that no significance 
should be attached to the particular locations of the P and LN sites with respect 
to either the axon hillock or the subsynaptic N receptor sites; the N, F and LN sites 
derive their location, as well as their number, on the ganglion cell membrane in the 
diagram from convenience in illustrating, not because these parameters are known.) 


The LN potential. The results with Botulinum toxin indicate that this 
component also requires an ACh-release step. However, the insensitivity 
of the LN potential to blocking by curariform drugs (or by the penta- and 
hexa-methoniums, R. M. Eccles, unpublished observations), coupled with 
a greut sensitivity to atropine, would indicate that the cholinergic receptor 
sites for this depolarizing post-synaptic response are also different from 
those mediating the N synaptic potential. (It may be recalled that the 
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penta- and hexa-methoniums are highly specific for nicotinic-type re- 
ceptors, and do not have any atropinic or muscarinic actions; Paton & 
Zaimis, 1952.) This muscarinic, rather than nicotinic, type of susceptibility 
of the LN response is the chief reason for proposing separate receptor 
sites on the ganglion cells as the origin of the LN response. However, the 
effect of the anti-cholinesterases in suppressing the LN potential indicates 
that the bonding properties of such separate receptor sites for the LN 
response may be different from the known muscarinic as well as nicotinic 
ACh receptors. 

\lthough an estimate of LN latency is subject to the difficulties already 
discussed, a probable value of 0-2—0-4 sec may be derived from the latency 
of onset of the late negative swing appearing during a tetanus (e.g. 
Fig. J, 1/1, B, C, F, and G), and from the onset of LN in a single response 
in ganglia in which the recorded P potential has been abolished or made 
small in relation to the LN potential (Eccles, 19526, see Figs. 13, 14). 
Such a long latency, coupled with a much longer duration, suggests that 
the different post-synaptic receptor sites postulated for mediating LN are 
either (a) located on the ganglion cell at some distance from the place of 
ACh release, or (6) that the ACh released at the preganglionic terminals is 

mmediately available for diffusion into the space outside the primary 
subsynaptic regions (perhaps because of slow release from the bonds with 
the N receptors and/or because of diffusion barriers). There is in the 

‘nt work no evidence as to whether such LN receptors are present on 
all ganglion cells rather than only on special ones, nor any evidence as to 
their location on the ganglion cell with respect to the various parts of the 
neurone 

The proposed mechanisms have been summarized by a diagram in 
Fig. 7. Preganglionic impulses arriving at endings on the ganglion cells 
release ACh. This reacts with immediately subsynaptic sites on the post 
synaptic membrane to elicit the primary depolarizing synaptic response, 
the N potential these sites are readily blocked by curariform agents but 
not by atropine in low concentrations. When this ACh diffuses away from 
the primary subsy naptic regions either before or after temporary binding 
with the N receptor sites, it may encounter and become bound to LN 
receptor sites, located on this or perhaps on adjacent ganglion cells, with 
the consequence of a slowly arising and long-lasting depolarization, the 
LN potential. The binding of ACh at LN receptor sites is relatively quite 
insensitive to curariform agents (in fact these seem to facilitate the LN 


response) but it is highly sensitive to blocking by atropine. Other pre 


ganglionic terminals at the chromaftin cells also release ACh. In contrast 


to the N receptor sites on the ganglion celis, the post-synaptic sites on the 
chromaffin cells are very sensitive to atropine block, rather than to 
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curariform agents. Upon adequate excitation by the ACh released, the 
chromaffin cell ‘secretes’ adrenaline. The diffusing adrenaline encounters 
‘P’ receptor sites on ganglion cells in the vicinity. This interaction results 
in changes tending to hyperpolarize the ganglion cell membrane, pro 
ducing the P potential. The action of adrenaline at the P receptor sites 
is prevented by dibenamine. 

The depression of the LN potential by low concentrations of diben 
amine, although relatively less pronounced than the effect on the P poten 
tial, remains a difficult point. Additional postulates could be made to 
explain this result, but would require further experimental evidence before 
being proposed. The negative results with the other anti-adrenaline drugs 
tested for effects on the P response present less difficulty. The relative lack 
of specificity of the ergot drugs and the variable actions of some sympa 
tholytic drugs in different types of tissues or situations is well known 
(Goodman & Gilman, 1955). Consequently, a positive result with the more 
specific adrenergic-blocker dibenamine would seem to be more significant 


than negative results with other drugs in the group. 


Possible pharmacological significance of P and LN responses 

Pharmacologically the P and LN response mechanisms could be very 
important apart from the question of their physiological role, the analysis 
of which must await further evidence. Since both the P and LN responses 
possess sensitivities to blocking agents which are quite different from those 
of the N synaptic potential, it is quite conceivable that they may also be 
uniquely activated by different drugs. The possible relationship of 
adrenaline-like compounds to the mechanism generating the P potential 


(and perhaps inhibition) has been discussed above. It is also possible that 
some drugs mimic the action of ACh at the postulated LN receptor sites 
in preference to the subsynaptic N receptor sites on ganglion cells; or they 
might mimic the action of ACh on the chromaffin cells, thereby affecting 
the release of adrenaline by those cells. One would predict from the present 


analysis that the effects of such compounds could be blocked by atropine, 
rather than by curariform or nicotinic drugs. A number of reports already 
in the pharmacological literature lend themselves to such an interpreta 
tion, e.g. the reports that the excitatory effect of pilocarpine on sympathetic 
ganglia is prevented by atropine rather than by curare or hexamethonium 
(Marazzi, 1939a; Trendelenburg, 1955). In any case it would seem profit 

able to evaluate and test the mechanisms for the effects of various drugs 
on sympathetic ganglia in the light of the differential properties of the 
various synaptic potentials which have been examined in the present 


paper. 
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SUMMARY 

|. The characteristics of the slow positive (P) and late negative (LN) 
ganglionic potentials, which are prominent following tetanic stimulation 
of the preganglionic nerve of the curarized superior cervical ganglion, have 
been investigated. Different optima of thresholds, frequencies, and train 
durations were obtained for these potentials. 

2. Botulinum toxin progressively depressed not only the post-synaptic 
spike response but also the N, P, and LN synaptic potentials. 

3. Atropine in low concentrations could abolish the LN potential and 
strongly depress the P potential of curarized ganglia, with little effect on 
the N potential, i.e. the primary synaptic potential. 

1. Dibenamine could strongly depress the P potential and less strongly 
the LN wave, with no depression or an increase in the tetanic N potential 
and a relatively small depression of the single-volley N responses. 

5. The effect of an intravenous injection of adrenaline on ganglionic 
potentials was almost completely abolished by administration of diben 
amine several hours earlier. 

6. Little or no effects were obtained from other drugs—ergotamine, 
di-hydroergotamine, LSD, and 5-HT. The chloro-analogue of isoproterenol 
produced a strong but non-specific depression of the N, P, and LN 
potentials 

7. An hypothesis describing the synaptic origins of the ganglionic 


responses is developed in order to relate the various pharmacological 


actions to the events produced by the acetylcholine liberated from the 


preganglionic terminals 
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OBSERVATIONS ON ITS RESPONSES TO 
INSULIN, GLUCOSE AND ADRENALINE 


By F. 0. DOSEKUN 
From the Department of Physiology, University College, Ibadan, Nigeria 


(Received 25 January 1961) 


Grayson & Kinnear (1958) have extended the technique of internal 
calorimetry (Grayson, 1952; Carlyle & Grayson, 1956) to investigate 


problems of blood flow and metabolic heat production in solid organs 


Dosekun, Grayson & Mendel (1960) have reported further investigations 


on human liver and rat skeletal muscle in which the validity of the tech 
nique of internal calorimetry in the determination of metabolic heat pro 
luction was established. 


The purpose of the present work was to apply this technique to the 
investigat , 


ion of blood flow and heat production in the thyroid gland with 
particular reference to its carbohydrate metabolism 


METHODS 
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under conditions of constant temperature and humidity and changes in heat loss were a 
negligible factor. Alterations in lower equilibrium temperature were, therefore, due to a 
combination of blood-flow change and local heat production change. The calculation of 
thermal conductivity, however, allows a precise prediction to be made of the effect of 
blood-flow change alone on the lower equilibrium temperature. The difference between the 
actual recorded change and the change which ought to have occurred on the basis of this 
calculation has been designated ‘excess temperature’ and, as has been shown previously, 
may be used as an index of local heat production. 

Operative procedure. The animals used in this work were male and female common 
Nigerian domesticated dogs (Canis familiaris) weighing between 7 and 11 kg. Anaesthesia 
was induced by intraperitoneal injection of pentobarbitone sodium (Nembutal, Abbott 
Laboratories) 0-5 ml./kg body wt. and maintained by further intraperitoneal or intravenous 
injections of up to a maximum of | ml. once or twice during the experiment as required 
A long median incision was made in the extended neck of the dog and the thyroid glands 
were located. The heated thermocouple was inserted into the right thyroid lobe through a 
needle in which a shallow gutter had been previously made; the needle was withdrawn 
leaving the flexible recorder in situ. The recorder was then tied in position, care being taken 
not to occlude the superior thyroid artery. The ‘cold junction’, which served as the reference 
point, was mounted in a polyethylene tube of small cross-sectional area. This was introduced 
into the right brachial artery and passed along it until the ‘cold junction’ came to lie in the 
aortic arch. An intravenous cannula was tied into the left femoral vein and blood pressure 
was recorded in the right femoral artery through a cannula connected to a mercury mano 
meter and to a Wigger’s type optical capsule mounted inside the dark chamber of the 
recording apparatus. The thermocouples were connected to the recording apparatus and 


the experiment started. 
RESULTS 
Resting blood flow. It was observed in these experiments that spontaneous 
variations in resting 54 values occurred which in some experiments were 
small but in others large. For example, in one experiment the spontaneous 
5k variation was from 5-1 x 10~* to 0-71 x 10~*; in another experiment, the 


range of spontaneous change was from 43x 10-* to 3-6x10-*. Such 


spontaneous variation in resting 5é values made it difficult to assess the 
importance of small changes in blood flow in these experiments, therefore 
mean 5k values have been used to indicate the typical blood-flow change 


accompanying each type of experiment. 

Glucose. The effect of glucose on thyroid blood flow and metabolic heat 
production was determined in ten experiments. Glucose was given through 
the intravenous cannula in the dose of 2g/kg body wt., being dissolved in 
40 ml. normal saline and slowly injected by means of an infusion machine 
which delivered at the rate of 0-5 ml./min. The changes in 5k values and 
calculated excess temperature are shown in Table | and a typical response 
is shown in Fig. 1. 

It can be seen from Table | that the change in 45k values started within 
10 min of glucose injection ; in eight experiments there was a considerable 
initial rise in 5k values ranging from 50 to 60°, increase over the resting 
value. Only in two experiments was there an initial fall, of the order of 
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1-7 and 5-6°, of resting 54 values. This was followed in all experiments by 
a rise to a maximum value in 40 min after the injection of glucose. The 
5k value then began to fall again, 45 min after glucose administration. 
A typical result is shown in Fig. 1A. 

In nine experiments there was a rise in the calculated excess temperature 
which varied in extent from 4-5 to 47-0 x 10-?°C. In only one experiment 
was there a fall of 21-6 x 10-2°C (Table 1). The effect of glucose on excess 
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temperature sometimes started quickly, but always within 25 min of the 
injection of glucose, and peak values were reached 60 min after the start 
of the experiment. In all these experiments the quantity of glucose given 
(2g/kg body wt.) increased the blood glucose level by a mean value of 
55°, + 2-10 (s.e. of mean). 
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Fig. 2. Effect of insulin (1.v. injection): A, on blood flow (5k) and B, on metabolic 
heat production (excess temperature) in a dog’s thyroid gland. 


Insulin. The effect of insulin on thyroid blood flow and metabolic heat 
production was determined in seven experiments. 3 i.u./kg body wt. of 
insulin (insulin A.B., British Drug Houses, Ltd., 40 i.u./ml.) was given 
intravenously. The changes in 5k values and the calculated excess tempera- 
tures are given in Table 2 and the pattern of a typical response is shown 
in Fig. 2. 

In five experiments there was no change in 4k values, but in two 
experiments there was a fall of 25 and 35°, of the initial mean 5k values 
respectively. In all seven experiments insulin caused a fall in the calcu- 
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lated excess temperatures (Table 2) which varied in extent from —7-1 to 

42 x 10°-*°C. The fall in excess temperature occurred within 5 min of the 
injection of insulin, the temperature remaining depressed in all the experi- 
ments for 60 min. Figure 2 shows a typical experimental result. There was 


a mean fall of 50°, + 1-30 in blood glucose in these experiments. 


Paste 2. The effect of insulin on thyroid blood flow and calculated excess 


temperature. Mean fall in blood glucose = 50% + 1-30 


Maximum 
changes in Time to 
excess maximum 
Change in temperature effect 
dk (°C x 10-*) (min) 


Nil 
Nil 
Nil 
19-2—-12-5 
18:3-13-3 
Nil 
Nil 
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60 
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60 
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Glucose and insulin. In six experiments the effect of giving glucose and 
insulin simultaneously was investigated. An intravenous infusion of glucose 
and insulin was given, in the dose of 1 g glucose plus 1 i.u. insulin/kg 
body wt. Table 3 shows that there was first a rise and then a fall in 5&4 values 
in all the experiments except one, in which there was a fall in dk value 
throughout the time allowed for the experiment to run. Although the 

k changes were variable to the extent shown in the table, there was 
always a fall in excess temperature which ranged in extent from — 12-9 to 

56-0 x 10°-2°C. The changes in a typical experiment are shown in Fig. 3. 
rhe changes in excess temperature took the form of an initial increase 
within 5 min of the infusion of glucose plus insulin, which was maintained 
for 15 min before a fall which reached a minimum level 35 min after the 


administration of glucose plus insulin. The excess temperature then rose 


to normal within 15 min of maximum fall. On the other hand, the blood 
flow rose within 10 min of the injection of glucose plus insulin and fell to 
a minimum level within 60 min. In five experiments there was no dif 
ference between the resting blood glucose values and those after the 
injection of glucose and insulin, whereas in one experiment there was a 
rise of 30-3, + 2-45. 

Adrenaline. In eight experiments adrenaline was infused intravenously 
in the dose of 8 »g/min, in order to investigate the effect of adrenaline on 
the rate of blood flow and heat production of the thyroid gland. In four 
of these experiments there was an increase in mean excess temperature 
ranging in extent from 0-05 to 31-3 x 10-?°C and in the others a fall in 


mean excess temperature ranging from —2-9 to —38-0x 10-?°C, These 
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Fig. 3. The effect of glucose and insulin (1.v. infusion): A, on blood flow (8k) and 


B, on metabolic heat production (excess temperature) in a dog's thyroid gland. 


TaBLe 3. The effect of insulin combined with glucose on thyroid blood flow 


and calculated excess temperature 


Blood flow 
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10 min 60 min change Time to blood 
Average after after in excess maximum glucose (%, 
Expt. initial glucose glucose temperature effect of resting 
5k insulin meulin (°C x 10°*) (min) level) 
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0-41 1-20 1-60 56-0 40 No change 
1-88 3-08 3-52 40-5 1s No change 


3°42 1-71 1-90 49-2 52 No change 
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results are shown in Table 4 and a typical result is shown in Fig. 4. In all 


these experiments it can be seen that there was a constant fall in 54 value, 
which in some experiments is of considerable magnitude. There was no 


change in blood glucose level in any of these experiments 


Adrenaline 


T T ; : T 
20 30 70 
Time (min) 


et of adrenaline (1.¥. infusion): A, on blood flow (6k) and B, on 


wat production (excess temperature) ino dog's thyroid gland 


wirenaline on thyroid blood flow and calculated excons 


No « hange in resting blood glue one levol 


Change in Time to 
mean excess maxinnum 
Change in temperature effect 
bk (Cx lo*) (min) 
from to 


$45 3-45 “ 
Ost mis ih 
ooo 211 { wm 
15Oo Oh is 
1-80 wo 
bi) 31. DO 
si w 
iio : f 4 





INSULIN ON THE THYROID GLAND 


DISCUSSION 


The application of internal calorimetry to the study of blood flow and 


heat production in internal organs has been fully validated (Dosekun et al. 


1960). In the present work the methods were appiied to the thyroid gland 
mainly with the object of investigating its blood flow and metabolic heat 
production in relation to its carbohydrate metabolism 

The effect of maintaining a raised blood glucose level was to produce 
initial marked increments in blood flow, accompanied by marked inere 
ments in metabolic heat production. The blood flow then fell within 45 min 
of beginning glucose infusion. The present work gives little indication as 
to the mechanism behind these effects. It is tempting to regard the in 
creased blood flow as secondary to the metabolic effect. Against this, how 
ever, is the observation that when glucose and insulin were combined and 
blood glucose changes reduced to a minimum, metabolic heat production 
fell but the blood flow changed in much the same way and to a similar 
extent as when glucose was administered alone. It is therefore difficult to 
relate the blood-flow changes to blood glucose levels 

The elevation of heat production with glucose is also difficult to account 
for and the present work gives no clear indication of the metabolic pro 
cesses which might be involved. In both liver and musele raising the levels 
of blood glucose had the opposite effect, metabolic heat production being 
inhibited ith the presence ol high levels of blood glucose 

Insulin alone had no measurable effect on thyroid blood flow even in 
the comparatively large doses in which it was given in these experiments 
but in every case it produced a marked depression of metabolic heat 
production, which oceurred soon after the injection of insulin and con 
tinued till the end of the experiments. This lowering of heat production 
might be regarded aa either secondary to the hypoglycaemia produced by 
insulin or as a direct action of insulin within the glandular cells. However, 
in the experiments where insulin infusion was combined with glucose and 
the blood glucose level was thus prevented from changing, the result was 
still a depression of metabolic heat production. It must be concluded, 
therefore, that insulin has a direct and rapid depressive action on metabolic 
heat production within the thyroid gland. In other tissues such as liver, 
muscle and brain, the initial effect of insulin, even in the presence of low 
blood glucose levels, was to enhance heat production and only when 
hypoglycaemia was very prolonged was this effect superseded by a 
depression 

It might be considered that these effects are related to adrenaline release 
In the present experiments, however, adrenaline had no consistent effect 
on metabolic heat production. It consistently lowered blood flow, and 
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since blood pressure rose it must be regarded as vasoconstrictor to the 
thyroid blood vessels. 

It is clear that, in regard to insulin and carbohydrate metabolism, 
striking differences exist between the thyroid gland and the other tissues 
referred to above. It might be relevant to suggest that in liver and muscle 
glycogen break-down has been related to heat production effects (Dosekun 
et al. 1960). There is strong evidence to suggest even in the brain the 
existence of some substrate usable for the local formation of glucose. It is 
likely, however, that in the thyroid gland there is no such readily available 
substrate, either in the form of stored glycogen or any other form, and 
that the present findings are explicable on the basis of a direct dependence 


of the gland on blood glucose levels. On the present evidence, however, 


this cannot be more than speculation and a complete elucidation of the 
problem must await further investigation. 


SUMMARY 
The technique of internal calorimetry has been used to investigate 
the metabolic heat production and blood flow of the thyroid gland. 

. Insulin has been found to depress the metabolic heat production of 
the thyroid gland without any effect on its blood flow. 

3. Glucose has been found to increase both the heat production and 
blood flow of the thyroid gland. 

t. The effect of adrenaline on blood flow changes has been shown to be 
that of vasoconstriction but its effect on metabolic heat production is 
inconsistent; sometimes a rise, at other times a fall being caused by 
adrenaline. 

5. The probable influence of insulin and glucose on the carbohydrate 
metabolism of the thyroid gland has been discussed. 

6. A comparison has been made between the effects of glucose and 
insulin on the thyroid, liver, muscle and brain and it is clear that in regard 
to heat production, these substances produce different effects in the thyroid 
gland, liver and muscle. As regards blood flow changes, the effect of glucose 


on the three tissues is similar whereas they differ with insulin. 
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It has long been recognized that the muscle spindle is composed of 
muscle fibres of large and small diameter (see e.g. Sherrington, 1894; 
Cuajunco, 1927, 1940), but the claim that the fibres branch in their 
course through the spindle has been a matter of controversy. Branching 
was held to occur by the majority of workers from Weismann (1861) to 
Denny-Brown (1928), though it is probable that many of the earlier claims 
were prejudiced by a belief that spindles served as centres of muscle 
growth. According to Sherrington (1894) and Ruffini (1898), large ‘parent’ 
fibres in the proximal pole of the spindle split longitudinally to form 
smaller ‘daughter’ fibres, which course through the equatorial region to 
taper off as long tendinous filaments in the distal pole. However, Batten 
(1897) and recently Higgqvist (1960) maintain that branching in one 
pole is followed by reuniting of the fibres in the other. Forster (1894) 
holds that the branching and reuniting of fibres occurs throughout the 
length of the spindle, and Cilimbaris (1910) adds that they also anas- 
tomose so as to form a syncitial network in the equatorial region reminis- 
cent of cardiac muscle. Against this it has been urged (Baum, 1900; 
Cuajunco, 1927, 1940; Barker, 1948; Gray, 1957; Boyd, 1958; Cooper, 
1960) that intrafusal fibres remain single, and that the tapering of short 
fibres alongside longer ones may have been mistaken for instances of 
branching. At a preliminary stage of the present study we became con- 
vinced that branching does occur, and it appeared to us that Forster's 
observations were correct (Barker, 1959). Further investigation, however, 
led us to the conclusion that branching is mainly exhibited by the small 
intrafusal fibres (Barker & Gidumal, 1960), and Boyd (1960), reversing 
his earlier opinion (1958), arrived at a similar conclusion. The present 


paper deals with this matter in detail. 


METHODS 
We have made the majority of observations on spindles from the rectus femoris muscle 
of the cat, but have also examined spindles from the teres minor, sternohyoid, 7th internal 


intercostal, tenuissimus, and vastus lateralis muscles of this animal. The bulk of the 
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material was embedded in parafiin, ‘ 


ut serially and transversely at 12,, and stained wit 
} 


wematoxylin and eosin. The muscles were fixed in sifu in either Bouin's or Zenker's flux 


and were subsequently dissected out in either 70% alcohol or 
hives 


stive employed. Other material studied included longitudinal paraffin sections 
e celloidin, ‘Nonex', and frozen sections; teased gold-chloride preparations (Gairns 
od and macerated preparations in which either nitric acid, gastric juice, or col 


wed in an endeavour to dissociate the intrafusal muscle fibres. In the application 
methods observations were made on 246 spindles, of which twenty 


but « 


ur is were of th 


rty-two spindles (including three tandems) cut 


reconstructions, camera lucida drawings of the sections were mace 
130 or x 600. Initially every section in a series was drawn, but ti 
ow ¢ 


ery fifth l2 4 section when it became evident that ti 
cupied a length of 60-90 4. When branching 
st part of the series was drawn 
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The drawings were then con 


pindle, at the same magnification which the tntra 


{ divided sagittally and the fibres in each half arranged ir 


projection-plans to more manageabk 


y lirnensions 


urately represented but their width exaggerated. In 


spindles sketches of every fifth section were substit 


ection-pians made with the aid of these and meas 
f 


of the individual fibres. The diameters of fibre 


corded as the average of their maximum and minu 


ed instances where the bifurcation of a fibre 


shot 


suld be demonstrate 


graphs were taken using an oil-immersion objective 


RESULTS 


Che intrafusal bundle in single spindles from rectus femoris consists 


if a group of four to twelve muscle fibres in which those of small diameter 


und short length usually predominate over those which are larger and 


Constant features of the bundle are its encapsulation, suspension 


t lymphatic space, and changes in nucleation which occur in the equa 


rial region associated with the sensory innervation. The location 
if this region appears to be related to the position of the spindle in the 


und the polar regions on either side of it are usually of unequal 


gth (Barker & Ip, 1961). There is no constant feature which is charac 


teristic of one pol and not the other. but it is convenient to designate 


them as proximal und distal with respect to their orientation with the 
origin and insertion of the extrafusal muscle bundles. We regard a polar 
region of a muscle spindle as extending from the juxta-equatorial region 
to the furthest extremity of the origin or insertion of the muscle fibres 
composing it. However, the term ‘spindle’ is sometimes restricted by 
others to include only that part of the muscle bundle invested by the 
capsule, the polar extremities being regarded as coincident with the 
capsular extremities. Thus Higgqvist (1960) describes muscle fibres as 
entering or emerging from the spindle at one or other pole, and dis 


tinguishes between their extra- and intrafusal course. This can only lead 
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to confusion in view of the wide use of the term ‘spindle’ to denote the 
whole proprioceptor. Tandem spindles may be regarded as consisting of 
a number of single spindle units connected together by a few intrafusal 
fibres of large diameter which run a continuous course through the suc 
cessive encapsulations. 

The two main types of intrafusal muscle fibre present in all spindles 
are those which are large and long and possess the characteristic nuclear 
bag and myotube regions described by Barker (1948), and those which are 
small and short with a single central row of nuclei in the equatorial region 
(the nuclear-chain fibres of Boyd, 1960). Both length and diameter 
measurements of the fibres composing the intrafusal bundle are therefore 
bimodal. However, in some spindles there are fibres present whose 
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Text-fig. 1. A. Mid-polar diameter histograms of a sample of 142 muacle fibres 
belonging to 18 single and 2 tandem spindles from the rectus femoris muscle of a 
2 kg cat. The histogram on the left is broken down on the right in terms of the 
94 small, 8 intermediate, and 40 large fibres in the sample. B. Diameter histogram 


of a random sample of 150 extrafusal muscle fibres from the same muscle. Measure 


mente made on Zenker-fixed transverse paraffin sections, 


characteristics make it necessary to recognize a third type which we shall 
designate as intermediate. In a sample of eighteen single and two tandem 
spindles from the rectus femoris muscle of a 2 kg cat (C 50), there were 
ninety-four small, forty large, and eight intermediate fibres whose mid 
polar diameters were 4-12 (mean 7-5u), 12-264 (mean 16-9), and 
10-l6u (mean 12-6) respectively (see Text-fig. 1). The diameter range 
of a random sample of 150 extrafusal muscle fibres from the same muscle 
was 20-584 (mean 35). The length of intrafusal fibres is such that 
the small fibres may be about half as long as the large ones. In ten single 
rectus femoris spindles 7-5-8-5 mm long, the length range of thirty-five 
small fibres was 4:0—6-1 mm, of seventeen large fibres 7-0—-8-5 mm, and 


of five intermediate fibres 6-4—7-8 mm. 
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From one to three, usually two, large fibres are present in all spindles 
They tend to retain the same position in the intrafusal bundle, and do 
not branch. Their diameter undergoes little change except at the extreme 
ends, where tapering occurs, and in the myotube regions, where there is 
typically a decrease of two or three microns. The small fibres also narrow 
down in the equatorial region, their diameter becoming little more than 
that of each vesicular nucleus in the nuclear chain. About one in five 
bifureates, and the two fibres produced often reunite. If parent fibres 
only are counted, the number of small fibres present in a spindle is from 
one to eight, and is usually four or five. Their position in the intrafusal 
bundle undergoes frequent changes as they twist among themselves 
and cross over the large fibres. The intermediate type of fibre resembles 
the large in that it possesses nuclear-bag and myotube regions, but the 
bags tend to have smaller aggregations of vesicular nuclei, and the myo 
tube regions show a more pronounced decrease in diameter. In the polar 
regions their variation in diameter is such that in isolated transverse 
sections they may easily be taken for small fibres (cf. Pl. 1, figs. 2 and 5, 
libre a). They also tend to change their position in their course through 
the intrafusal bundle. About one out of three spindles possesses fibres 
of this type; usually only one is present, never more than two. They 
occasionally bifureate; in one exceptional case the fibres produced were 
observed to reunite. While these fibres are of medium size in the intrafusal 


fibre diameter spectrum, a medium-sized fibre is not necessarily of the 


intermediate type; the equation of fibre size with fibre type in our 
preliminary note (Barker & Gidumal, 1960) was thus an over-simplifica 
tion 

In the process of bifurcation, as seen in optimum transverse sections 
(see Pl. 1; Pl. 2, figs. 1-9), a small or intermediate type fibre loses its 
cireular contour and increases in size to assume an oval shape. This be 
comes constricted into the form of a figure of eight before finally splitting 
into two. The complete process occupies a distance of 60-90,u. In the 
reuniting of small fibres the reverse sequence occurs. The two fibres 
produced by branching are usually unequal in size but their combined 
diameters are initially equal to that of the parent fibre. After a short 
distance, however, both fibres increase in diameter, the larger of the two 
regaining the diameter of the parent fibre. For example, a small fibre 8u 
in diameter will typically branch into two fibres which initially measure 
5 and 3p in diameter, and subsequently increase to diameters of 8 and 
5p. The identity of the parent fibre thus tends to be retained after division. 
This is particularly marked in the case of the intermediate type fibres 
which branch, for when the fibres produced pass through the equatorial 
region the larger of the two has a nuclear bag and myotube region while 
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the other has a nuclear chain (see Text-fig. 2; Pl. 2, figs. 1-9). Bifurea 
tion, with the branches running towards the equator, occurs in the proximal 
pole or in the proximal part of the equatorial region; in tandem spindles 
it occurs in the equivalent parts of the single spindle units that are linked 
together. When small fibres branch, the fibres produced may either 
continue through the intrafusal bundle and taper off, or reunite in the 
distal pole or distal part of the equatorial region. We have never observed 
a small fibre to give a distally directed branch in the distal pole, but in one 
instance an intermediate fibre gave rise in the distal pole to a short branch 
running away from the equator (see Text-fig. 4; and Pl. 1). The branching 
of intermediate fibres is easier to detect and to demonstrate owing to 
their larger size. It should be possible to obtain convincing evidence of 
branching from teased and dissociated material, but our attempts to do 
so have so far proved unsuccessful 

The process of branching or reuniting is quite distinct from the con 
dition where one fibre tapers off alongside another (see Pl. 2, figs. 10-13) 
Tapering takes place over a distance of several hundred microns, the 
shortest length being about three times that occupied by branching or 
reuniting. A fibre tapers off usually over a distance of 300-500yu, but 
distances of up to 8004 may occur. The shortest tapering lengths tend to 
occur within the polar regions at the ends of the small fibres, while at the 
extremities of the spindle the larger fibres taper off as longer tendinous 
filaments. In transverse section tapering is marked by a progressive loss 
in diameter, and ultimately by a loss of circular contour and myofibril 
content. The final tendinous wisp of a small fibre usually merges with the 
endomysium of a larger fibre or the axial sheath, and the ends of the 
larger fibres merge with either tendon, aponeurosis, perimysium, or the 
endomysium of neighbouring extrafusal fibres. 

In transverse section some of the muscle fibres composing the intra 
fusal bundle may exhibit Kriiger’s (1952) ‘Fibrillenstruktur’, others a 
Felderstruktur’ (fibrillar and areal patterns of Gray, 1958). However, 
it is not possible to relate structural pattern categorically to fibre type, 
since the pattern does not remain the same throughout the length of each 
fibre. For most of their length all fibres are fibrillar, and the fibrillar 


pattern is evident in regions where branching or reuniting occurs. The 


areal pattern may occur sporadically in the polar regions, but it is charac 
teristic of the juxta-equatorial regions. When there is a change from the 
tibrillar to the areal pattern it usually occurs in the majority of the fibres 
in the intrafusal bundle. Each fibre is usually areal for part of its length 
the total distance amounting to several hundred microns, seldom more 
than | mm. In fibres of the large and intermediate types this forms only a 
small part of their total length so that their structural pattern is predomi 
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nantly fibrillar. In small fibres the ratio of areal length to fibrillar length 
is higher, owing to their shorter total length, and by comparison with the 
large fibres they give the impression of being predominantly areal. How- 
ever, the areal portions of small fibres seldom exceed 35°, of their total 
length, and the percentage is often considerably less. Boyd (1960) 
implies that large fibres are exclusively fibrillar and small fibres exclusively 
areal, but we have never observed this condition. It may be significant 
that the areal pattern appears to be most prevalent in the juxta-equatorial 
regions of the spindle where the motor innervation tends to be most 
profuse. If fibrillar and areal patterns are indicative of fast and slow 


Taste 1. Number and nature of muscle fibres belonging to eighteen spindles 
from cat rectus femoris 


, Single fibres; bt, fibres bifurcating and tapering; br, fibres bifurcating and reuniting 
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contraction, as Kriiger (1952) maintains, the quickness or slowness of in 
trafusal muscle fibres must be a matter of degree, for in the individual 
fibre the two patterns are not mutually exclusive. In this connexion it may 
be noted that Kriiger’s observations on the structural pattern of extra- 
fusal muscle fibres were made on individual transverse sections, no fibres 
being traced throughout their length; the same is true of Gray’s (1958) 
study of frog muscle. 

The number and nature of the muscle fibres belonging to eighteen 
spindles traced in transverse sections of the rectus femoris muscles of 
four adult cats are shown in Table 1. There are eighty-six small fibres 
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in the sample, of which seventy-one are single, and fifteen, or 17-4%, 
bifurcate. Intermediate fibres occur in ten spindles, there being a total 
of eleven in the sample, of which two show branching. One of these is 
exceptional in that the fibre branches twice, reuniting almost immediately 
after the first bifurcation before branching again; this sequence is shown 
as br (1) and bt 1 in the Table (see C63). In six spindles all the fibres are 
single, an intermediate fibre being present in three of them. A total 
of 130 single and parent fibres belong to the seventeen single spindles, 
an average of seven per spindle; if the fibres produced by branching are 
taken into account the total is 147, and the average eight. The tandem 
spindle in the sample is of the double kind and accounts for a maximum 
total of sixteen fibres, double the maximum average fibre content of a 
single spindle. 

Many of the features of intrafusal muscle fibres so far described are 
illustrated in Text-fig. 2, which is a diagrammatic analysis of the intra- 
fusal bundle of a single rectus femoris spindle consisting of one large, one 
intermediate, and seven small fibres. 'n Text-fig. 2A the muscle fibres 
are arranged schematically side by side and enclosed within square 
brackets representing the equatorial encapsulation. The length of this 
region, in this and other figures, corresponds with the equatorial limits 
of the periaxial space (cf. Barker & Ip, 1961). The scale used for the 
width of the muscle fibres is ten times that used for length. Variation 
in muscle fibre diameter is shown on the basis of measurements taken 
at intervals of every fifth 12, serial transverse section, and the distribu- 
tion of areal, as opposed to fibrillar, pattern is indicated by shading. 
The small fibres remain single throughout their lengths, which range from 
approximately two-fifths to three-quarters the length of the large fibre. 
The intermediate fibre (A) branches twice in the proximal pole. The first 
bifurcation is the exceptional one already noted in Table 1, and results 
in two fibres of similar diameter, which rejoin after a brief course of 72). 
The second bifurcation occurs 360. further on and is the one illustrated 
in Pl. 2, figs. 1-9. Of the two fibres produced, one (a) displays typical 
characteristics of an intermediate fibre in that its diameter is variable 
and the equatorial nucleation consists of myotube regions and a small 
nuclear bag, while the other (a’) has the characteristics of a small fibre 
in both diameter and equatorial nucleation (see Pl. 2, figs. 6-8). The 
distribution of fibrillar and areal structure in the fibres illustrates the 
typical prevalence of the areal pattern that occurs in the juxta-equatorial 
regions. In this spindle the nuclear bags and chains lie towards the distal 
end of the equatorial region, as is often the case. In Text-fig. 2B the 
spindle is shown in schematic projection-plan in order to illustrate the 
change of position of fibres in their course through the intrafusal bundle ; 





Proximal pole 




















Equatorial region 






































ip, LAE RIOT AI 


Co 




















Text-fig. 2. Diagrammatic analysis of a single rectus femoris cat spindle com- 


prising one large fibre (L), one intermediate fibre (A) bifurcating into a and a’, and 
seven small fibres (1-7). A. Each fibre’s length and level of origin and insertion is 
accurately shown, but scale used for width is x 10 that used for length. Diameter 
variation is shown on basis of 60 interval measurements; stippling indicates areal, 
as opposed to fibrillar, pattern. B. Projection-plan and three schematic trans 
verse sections illustrating changes of fibre position; scale applies to plan only, scale 


for fibre width being x 8 that for length. Fibre diameters standardized as 17 ,» large, 


13 intermediate, 84 small. In both A and B square brackets indicate limits of 


equatorial encapsulation; nuclei schematic, but length of each nucleated region 


accurate. Compare with PI. 2, figs. 1-9. 
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the appearance in transverse section is shown diagrammatically at three 
key levels alongside. The sinuous course of the small fibres, and the stable 


course of the large, are typical. 
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Schematic diagrams of the fibres composing three single rectus femoris 


Text-fig. 3. 
cat spindles. Large fibres white, intermediate fibres stippled, small fibres black. 
Fibre diameters standardized as in Text-fig. 2B, and shown on a scale x 10 that 


used for length. Square brackets indicate limits of equatorial encapsulation; 


nuclei schematic but length of each nucleated region accurate. 


As a further illustration of the composition of the intrafusal bundle of 
single spindles, the muscle fibres of three spindles from rectus femoris 
are drawn in stylized form, side by side, in Text-fig. 3 A-C. An inter- 
mediate fibre is present in spindles A and C, but not in B. In A all the 
fibres are single, while in both B and C a small fibre bifurcates, and another 
bifurcates and reunites. Spindles B and C provide good examples of how 
the composition of the intrafusal bundle fluctuates at different levels 
owing to the different lengths of the fibres composing it and the occur- 
rence of branching and reuniting. The maximum number of fibres is 


always present at mid-equatorial level. 
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Finally, in Text-fig. 4 a tandem spindle is illustrated in schematic 
projection-plan, the equatorial encapsulations being indicated as dia- 
grammatic fusiform swellings. The tandem is of the typical double type 
described by Barker & Ip (1961), consisting of a small capsule enclosing 
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lext-fig. 4. Projection-plan of double tandem spindle from cat rectus femoris shown 
as if cut into four portions. Large fibres white, intermediate fibres stippled, small 
fibres black. Scale applies to fibres only; scale for width x 2 that for length, and 
diameters standardized. Equatorial encapsulations indicated as fusiform swellings ; 
nuclei schematic, but length of each nucleated region accurate. Full description 


in text. Photographs of the bifurcation of fibre 6 are shown in Pl. | 


a few muscle fibres linked, by two large fibres, te a large capsule in which 
the fibres are more numerous. In the small spindle unit four single small 
fibres accompany the two continuous large ones; the equatorial nucleation 
of the fibres is characteristically sparse and comprises three nuclear chains 
and three fibres in which polar nucleation is retained. In the large 


spindle unit, the large fibres are accompanied by two intermediate 
fibres (a2 and 6) and four small (cf). Fibre a remains single while 6 
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branches in the distal pole to produce a short branch b’: it is this bifurca- 
tion that is illustrated in Pl. 1. Of the four small fibres, three branch 
(c, d, and f), while e remains single: none of the branching fibres reunite. 
Owing to differences of fibre length, and to branching, the numbers of 
fibres composing the large spindle unit, as counted at one-millimetre 
intervals from the proximal polar extremity to mid-equatorial region, 
increases in the progression 3, 7, 8, 9, 11. The equatorial nucleation com 
prises four nuclear bag and myotube regions belonging to the large and 
intermediate fibres, and seven nuclear chains. The stable position of the 
large fibres, and the changes in pesition of the small and intermediate 
fibres, are represented as accurately as possible. 

It occasionally happens that a few extrafusal muscle fibres run a parallel 
course with a spindle and become enclosed within the capsule together 
with the intrafusal bundle. Baum (1900) and Cooper (1960) have made 
similar observations. On the rare occasions when this occurs the intra- 
fusal and extrafusal fibres are always segregated in separate capsular 
compartments. In common with Higgqvist (1960), we have not observed 
supplementary bundles of intrafusal muscle fibres joining the spindle by 
penetrating the equatorial encapsulation as described by Cilimbaris (1910). 


DISCUSSION 


The branching of intrafusal muscle fibres has long been a matter of 


dispute, partly because of the intrinsic difficulties of demonstrating 


it, and partly because of inadequate histological methods employed. For 
example, the practice of selecting sections at regular intervals in a 
transverse series and discarding the rest is a severe handicap to drawing 
any valid conclusion. A fibre branches within the space of a few trans- 
verse sections covering 60—90,, so that gaps in a series of e.g. 85 (Swett 
& Eldred, 1960) are unlikely to reveal the process. Pronouncements 
made on the basis of studying serial longitudinal sections and teased gold- 
chloride preparations (e.g. Barker, 1948), or methylene blue preparations 
(e.g. Gray, 1957), are also of little significance for it is extremely difficult 
to trace individual members of the intrafusal bundle with certainty for 
any considerable length in such material. Dissociating methods also, in 
our experience, give equivocal results. The only adequate approach is to 
trace a fair sample of spindles from end to end in a complete series of 
transverse sections cut exactly at right-angles to the axis of muscle fibre 
orientation. Even in such material the small fibres, in particular, are 
often difficult to trace, and the chances of error are greater, for example, 
than in tracing nerve fibres of equivalent dimensions. The changes of 
diameter, position, and number of fibres in the intrafusal bundle, inter- 
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mixed with a profusion of nerve fibres and nuclei, often present a complex 
picture in which several interpretations are possible, and our present 
position has only been attained gradually, the stringency of criteria and 
rejection of ambiguities increasing together with sampling and with tracing 
practice. It is satisfactory to note that our results correspond in many 
ways to those presented by Boyd (1960). We differ mainly in recognizing 
an intermediate type of fibre, and in maintaining that branching fibres 
may reunite. It is possible that the rare branching of nuclear-bag fibres 
noted by Boyd occurred in fibres that we would classify as intermediate. 

While the bimodal distribution of the diameters of intrafusal muscle 
fibres is now firmly established (see e.g. Walker, 1958; Boyd, 1960; Swett 
& Eldred, 1960), it is significant that Cuajunco (1927, 1940) recognizes 
fibres of large, medium, and small size in spindles from adult pig and 
human biceps brachii. In his earlier study of the pig he gives fibre dia- 
meters of 18u large, 12; medium, and 6y small (adult, polar measure- 
ments), but in his later human study he records the diameters of large 
and small fibres only, noting that ‘the intermediate group varies between 
these two extremes’ (p. 123). He found that the large fibres were the 
first to arise in development; that the medium fibres arose from somewhat 
younger myoblasts grouped with the first; and that the small fibres 
were added later, either by the splitting of the original cells, or by the 
incorporation of new myoblasts. It seems probable that the additional 
intrafusal fibres are recruited from cells surrounding the large fibres 
in much the same way that the number of extrafusal fibres is generally 
held to increase in the later stages of development by new fibres arising 
in the neighbourhood of primary muscle fibres to form ‘primary’ muscle 
bundles (see J. D. Boyd, 1960). In fact, if the accounts of Tello (1922 
and Cuajunco (1927, 1940) of spindle development are related to knowledge 
of extrafusal muscle fibre development, we may regard the intrafusal 
bundle as retaining many of the characteristics of a ‘primary’ extrafusal 
bundle in consequence of the retardation of development that follows 
receipt of the primary afferent innervation. The branching of small and 
intermediate fibres that occurs in some adult spindles is presumably the 
result of fibres which, though arising from new cells, nevertheless bifur- 
cate during their subsequent growth. The factors which result in such 
branching in intrafusal bundles but not, apparently, in extrafusal ones, 
remain to be elucidated in future accounts of muscle development. 

An attempt to relate the innervation of the muscle spindle with the 
individual fibres in the intrafusal bundle has been made by Boyd (1958, 
1959). He maintains that the large muscle fibres are innervated by medium- 
sized efferents which form discrete end-plates of the typical extrafusal 
type, while the small muscle fibres are innervated by small efferents, 
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which form plates that are smaller and more variable in form. He has 
established the efferent nature of another type of ending which assumes 
the form of a diffuse and often extensive network; this is also, according 
to him, located on the small muscle fibres. With regard to the afferent 
innervation, Boyd maintains that while the primary ending is common to 
both large and small muscle fibres, the secondary ending is located almost 
exclusively on the latter. Finally, he distinguishes between (1), ‘simple’ 
spindles with muscle fibres similar in diameter innervated by a primary 
ending and discrete end-plates. and (2), ‘compound’ spindles in which the 
small muscle fibres, innervated as he describes, are combined with the 
large. In this scheme there is thus provision for the two types of efferent 
behaviour of the spindle, whether these are both attributable to efferent 
fibres within the y range (Pascoe, 1958; Boyd, 1959; Boyd & Davey, 1959), 
or whether fast « fibres (Granit, Pompeiano & Waltmann, 1959) also play 
a part. It remains to be seen, however, whether further histological work 
will confirm this analysis. In the mean time the following points suggest 
that it may be premature to accept it: (i) While large muscle fibres are 
always present in the intrafusal bundle, many spindles occur in which 
medium-sized efferents, as judged by intramuscular diameter, play no 
part in the innervation (M. N. Adal & D. Barker, unpublished). (ii) In 
rectus femoris spindles, small muscle fibres are always present in the 
intrafusal bundle, and bimodality of muscle fibre diameter is always 
evident. (iii) If the properties of fast and slow muscle fibres may be re- 
lated to their fibrillar and areal pattern in transverse section, as Kriiger 
(1952) maintains, and if the supposition is correct that there are ‘twitch’ 
and ‘tonic’ mechanisms in the spindle, then one might expect the intra- 
fusal muscle bundle to consist of a combination of wholly fibrillar and 
areal fibres, but this is not so. Each fibre is both areal and fibrillar 
in varying proportions, but always predominantly fibrillar. Moreover, 
the application of Kriiger’s theory of mammalian muscle does not agree 
with physiological evidence (see Hunt & Kuffler, 1951), and Eyzaguirre 
(1960) has failed to detect intrafusal responses in the cat which had the 
characteristics of slow fibres. (iv) The supposition that nuclear-bag 
and nuclear-chain fibres constitute separate functional systems must 
take account of the fact that a nuclear-bag fibre of the intermediate type 
may bifurcate to produce a nuclear-chain fibre as a side branch. (v) The 
location of secondary endings almost exclusively on small muscle fibres 
is doubted by Berker & Ip (1961) in their study of single and tandem 
spindles in the cat. (vi) Boyd’s innervation analysis was made on gold- 
chloride and methylene blue preparations. In our experience, it is doubt- 
ful whether such material is adequate to permit the relation of spindle 
nerve endings to individual muscle fibres with certainty. We believe 
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that this information may best come from tracing a number of silver 
impregnated spindles in serial transverse section, and this work is in 
progress. 

SUMMARY 

1. The morphology of the intrafusal muscle fibre in the cat was studied 
mainly in serial transverse sections, the most detailed information being 
derived from graphic reconstructions of thirty-two spindles. The muscle 
most frequently used was rectus femoris. 

2. The intrafusal bundle of single spindles and tandem spindle units 
consists of four to twelve muscle fibres of which both length and diameter 
measurements are bimodal 

3. Large, intermediate, and small types of intrafusal muscle fibres are 
recognized. The large fibres possess nuclear-bag and myotube regions, 
and are the longest; they do not branch. Their diameter (12-26), and 
their position in the intrafusal bundle, undergo little change. The inter 
mediate fibres resemble the large but they occasionally branch. Their 
position tends to change in the intrafusal bundle and their diameter 
(10-16) undergoes considerable variation. The small fibres have a dia- 
meter of 4-12. and possess nuclear chains in the equatorial region. About 
one in five branches, and their position in the intrafusal bundle undergoes 
frequent change 

t. From one to three large fibres (usually two), and from one to eight 
small fibres (usually four or five) were present in all spindles ; intermediate 
fibres (usually one, occasionally two) were present in about one third. 

5. The branching of a small or intermediate fibre takes place over a 
distance of 60-90. With one exception, this always occurred in the proxi 
mal pole or in the proximal part of the equatorial region. The two fibres 
produced may either taper off, or reunite in the distal pole or distal part 
of the equatorial region. The process of branching or reuniting is quite 
distinct from the condition where one fibre tapers off alongside another; 
tapering usually occupies a length of several hundred microns. 

6. In the spindles studied all the muscle fibres were predominantly 
fibrillar, the areal structure occupying a minor proportion of their total 
length and being most typically present in the juxta-equatorial regions. 

7. Reasons are given which suggest that it may be premature to accept 

soyd’s analysis (1958, 1959) of the innervation of the spindle in terms of 


the individual muscle fibres composing it. 
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EXPLANATION OF PLATES 
PLATE | 

Bifurcation of fibre b belonging to the double tandem spindle from cat rectus femoris shown 
in projection-plan in Text-fig. 4. Figs. 1 and 12 are camera-lucida outline drawings in which 
the large fibres are indicated by L, and the other fibres are lettered as in Text-fig. 4. Serial 
transverse 12, paraffin sections stained with haematoxylin and eosin; there is an interval 
of 3 sections between figs. 1 and 2, and between 4 and 5; 5 sections between figs. 3 and 4; 
und 6 sections between figs. 2 and 3. Figs. 5-12 represent serial sections. In fig. 9 a crack is 
present in the bifurcating fibre > as an artifact just above the region of constriction. Note 

fluctuation in diameter of the intermediate fibre a; (ii) fibrillar pattern of, e.g. fibres 
a and 6 as compared with area! pattern of, e.g. fibres d’ and f’; (iii) change in structural 
pattern of fibre d from areal in fig. 2 to fibrillar in fig. 11. 


PLATE 2 

Figs. 1-9. Bifurcation of fibre A belonging to the single spindle from cat rectus femoris 
shown in Text-fig. 2. Figs. 1 and 9 are camera-lucida outline drawings of the sections illu- 
strated in figs. 2 and 8 respectively, and the fibres are lettered and numbered as in Text 

g. 2. Serial transverse 12, paraffin sections stained with haematoxylin and eosin; there is 
an interval of 6 sections between figs. 2 and 3; 2 sections between figs. 4 and 5; 75 sections 
between figs. 5 and 6; 8 sections between figs. 6 and 7; and 38 sections between figs. 7 and 8. 
Figs. 3 and 4 represent adjacent sections. Note (i) equatorial nucleation of fibres L, a, and a’ 
in figs. 6 and 7; (ii) narrower width of the intrafusal bundle and the fibres composing it in 


iii) areal pattern of fibre L in fig. 2 as compared with its fibrillar pattern in fig. 8. 


10-13. Tapering of a fibre ¢ alongside a longer fibre which does not alter in diameter. 


sctions and staining as above; there are successive intervals of 336 uw, 1204, and 60 
respectively between figs. 10 and 11, 11 and 12, and 12 and 13. Proximal pole of single 


spindle from cat rectus femoris. 
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PROTEINS AND RED CELLS 
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It has been shown that the uptake of radioactive triiodothyronine (‘T3) 
by red cells suspended in plasma can be used as a diagnostic test for 
thyrotoxicosis (Hamolsky, 1955). If radioactive T3 is added to a suspen 
sion containing equal volumes of normal red cells and normal plasma, 


about 10°, of the T3 becomes attached to the celis, If, however, the 
serum is taken from a thyrotoxic person (thyrotoxic serum) the uptake 
may reach 20°%,. In myxoedema, on the other hand, the uptake may fall 
to less than 5°. Since the uptake of T3 by red cells has been shown to 
be due to reversible adsorption (Crispeli & Coleman, 1956) it is generally 
assumed that the proportion taken up is determined by competition be 
tween binding sites on the red cells and those on the proteins in the serum. 
As the high uptake of T 3 in thyrotoxicosis is due to an abnormality in the 
serum and not in the red cells, Hamolsky (1955) concluded that in thyro- 
toxic serum the binding power for T3 is diminished. 

T3 and thyroxine (T4) added to serum at low concentrations are 
bound by the same thyroxine-binding protein (TBP) (Deiss, Albright & 
Larson, 1953); TBP has also been shown to bind T4 more strongly than 
T3 (Larson & Albright, 1955). It might, therefore, seem reasonable to 
suppose that the rise in the concentration of thyroxine that occurs in 
thyrotoxicosis would reduce the amount of T3 capable of being bound 
by the serum, and so lead to an increase in the uptake of T3 by the red 
cells. However, several workers have rejected this explanation of the 
red cell test on the grounds that normal serum enriched with T4 does 
not behave like thyrotoxic serum when tested with rat diaphragm (Hamol 
sky, Ellison & Freedberg, 1957) or red cells (Richards, Dowling & Ingbar, 
1959). In the hope of gaining a better understanding of the red cell test, 
we have studied the binding of T3 by serum submitted to paper electro 
phoresis at different hydrogen-ion concentrations, including a pH closer 
to the physiological than that generally used for paper electrophoresis 
We have also compared the binding of T3 and T 4 by red cells. 

SA-2 
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METHODS 


The methods used for the paper electrophoresis, for preparing the buffers and for scanning 
ulioactivity on the paper strips have been described elsewhere (Myant & Osorio, 1960a, 5). 
When possible, the amount of T3 in each zone of the paper strip was estimated from the 
vcentration in the serum and the proportion of the total activity at each peak recorded 
he scanner. The binding capacity of TBP for T 4 in tris-maleate at pH 8-6 was estimated 

the amount of 'I-labelled T4 present in the inter-alpha zone after electrophoresis of 

to which enough labelled T 4 (100 ~g/100 ml.) had been added to saturate the binding 

es on TBP. The samples of normal serum were obtained from two normal adult males. 
parison of the binding of radioactive T4 and T3 by red cells, blood was drawn 

» heparinized syringe and the red cells were washed six times with physiological saline 


er removal of the white cells. A stock suspension was made up to contain 2-5 ml. red 


sin 20 n Krebs's bicarbonate buffer at pH 7-4. Samples, each of 2-0 ml., were incu 
bated with the radioactive hormone for 2 hr at 37° C in stoppered tubes with gentle shaking. 
At the end of the incubation the red cells were separated by centrifugation at about 2000 g 
A sample was taken from the supernatant for measurement of radioactivity 


amount of activity in the whole supernatant was estimated from the activity per 


ume and the volume of buffer in the suspension. Radioactivity in the unwashed 
lls was estimated as the difference between the total added and that remaining in the 


ernatant at the end of the incubation. The ™I-labelled L-triiodothyronine and L-thy- 


‘ 


ne, of specific activity 20-30 uc/ug, were obtained from Abbott Laboratories Pacific 


ago 
RESULTS 


Electrophoretic distribution of radioactive triiodothyronine at 


increasing concentrations 


Che binding of radioactive T3 by the protein fractions of serum was 
studied in samples of normal human serum submitted to paper electro- 
phoresis in tris-maleate buffer at pH 7-6, 8-6 and 9-2, and in 5,5-diethyl- 
varbiturate buffer at pH 8-6. The concentration of added T 3 was varied 
from about Iug/100 ml. to 300 ug/100 ml. serum. Since the distribution 
of activity in the presence of tris-maleate was markedly influenced by the 
pH of the buffer, the results obtained at each hydrogen ion concentration 
will be described separately. 

it pH 7-6. At the lowest concentration of T 3, most of the activity was 
confined to a single peak in the inter-alpha zone (Fig. 1a). The remainder 
of the activity was distributed between the origin and the posterior limb 


of the inter-alpha peak, with small humps corresponding roughly with the 


x, and 8 bands. There was no activity in the albumin band. As the con- 
centration was raised (Fig. 1b), the activity behind the inter-alpha zone 
increased at the expense of the inter-alpha peak. At a concentration of 
100 »g/100 ml. the main peak corresponded to the 8 band, but at higher 
concentrations most of the activity was at the origin. Even at the highest 
concentration tested there was no peak of activity in the albumin or 
pre-albumin zones. 
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Since the inter-alpha peak was never clearly separated from the peaks 
in the «, and § zones, it was difficult to estimate the amount of T3 car- 
ried in each zone. As a rough approximation, the amount in the inter- 
alpha zone was determined from the area that lay under the curve and 
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Fig. 1. Distribution of radioactivity along paper strips after electrophoresis of 
serum in tris-maleate buffer at pH 7-6, 8-6 and 9-2. a, c and ¢, radioactive T3 
added at concentration of 1 ug/100 ml. serum. 6, d and f, T3 added at (25 , 
100 (......), and 200 (—— ) »g/100 ml. serum. Arrows show line of application of 


sample. Solid blocks show positions of protein bands (A = albumin). 


was limited by the vertical lines shown in Fig. 1b; the amount in the «, 
and 8 zones, including the intervening region («,-8 zone), was determined 
in a similar way (see Fig. 15). Figure 2 shows how the amount of T3 
carried in the inter-alpha zone, calculated on this basis, varied with the 
concentration. The amount reached a maximum of about 25 ug/100 ml. 
serum when the concentration was 100 u.g/100 ml. At concentrations up 
to 200 »g/100 ml. almost all the T3 not carried in the inter-alpha zone 
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was carried in the a,-8 zone. At higher concentrations the binding by 
proteins in this zone approached saturation, since an increasing proportion 
of the total activity remained at the origin. 

At pH 8-6, At the lowest concentration the main peak was in the inter 


alpha zone, but there was also a well defined peak in the albumin band, 


accounting for 5-10°%, of the total activity, and a small hump in the 

' band (Fig. 1c). As the concentration was raised, the inter-alpha peak was 

replaced progressively by an increase in the activity in the albumin band 
200 r- 


| 


a 
200 300 


Concentration of T 3 (4g/100 ml. serum) 


100 


ion between concentration of added T3 and amount carried in 


jand a, (+) zones after electrophoresis in tris-maleate buffer at 


und in the region behind the inter-alpha zone (Fig. 1d). At the highest 
oncentrations the greater part of the activity was between the inter 
alpha zone and the origin, with small peaks in the «, and § bands. There 
was no radioactivity in the pre-albumin zone at any of the concentrations 
tested 

\t pH 8-6 it was even more difficult than at pH 7-6 to determine the 
proportions of the total activity present in different zones along the paper. 
However, an attempt was made to determine the amounts in the inter 
alpha, albumin and «,-8 zones by dividing up the area under the curve 
in the way described above. Caleulated on this basis the amount of T3 
in the inter-alpha zone approached a maximum value of about 35 pg 
100 ml. serum (Fig. 3); that in the albumin increased throughout the 
range of concentration tested, but the curve suggested an approach to a 
maximum value of less than 60 »g/100 ml. The amount in the a,-f zone 
rose steeply to nearly 200 »g/100 ml. without approaching a plateau at 
the highest concentration 


? 


it pil 92. At the lowest concentration the proportion of the total 
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activity in the albumin band was greater than at pH 8-6. As the concen- 
tration was raised, activity was progressively displaced from the inter- 
alpha zone to the albumin band and, to a smaller extent, to the «,-8 zone 
(Fig. le, f). The amount carried in the inter-alpha zone, calculated by the 
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Fig. 3. Relation between concentration of added T3 and amount carried in inter- 


alpha (©), albumin (4) and a,-8 (+) zones after electrophoresis in tris maleate 


buffer at pH 8-6 
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Fig. 4. Relation between concentration of added T3 and amount carried in 


inter-alpha (©), albumin (/\) and «,-8 (+) zones after electrophoresis in tris-mal- 


eate buffer at pH 9-2. 
method used for deriving Fig. 3, increased to a value of about 40 pg 
100 ml. at a concentration of 300 ug/100 ml., without reaching a clearly 
defined plateau (Fig. 4). The amount in the albumin rose steeply to a 


value of more than 150 pg/100 ml. 
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The distribution of T 3 in 5,5-diethylbarbiturate buffer at pH 8-6 was 
more or less the same as that observed in tris-maleate at pH 7-6. As the 
concentration was raised, radioactivity was displaced from the inter- 
alpha zone to the «,-8 zone. Even at the highest concentration not more 
than 5°, of the total was in the albumin band. As in tris-maleate at 
pH 7-6, the amount carried in the inter-alpha zone reached a maximum of 
about 25 wg/100 ml. serum. 


Electrophoretic distribution of radioactive triiodothyronine in the 
presence of thyroxine 


In order to study competition for the serum proteins between T3 and 
T4, the distribution of activity was measured in serum submitted to 
electrophoresis in tris-maleate buffer after the addition of 1 yg radio- 
active [3/100 ml. together with non-radioactive T 4 at increasing con 
centrations. The amount of T 3 carried in the inter-alpha zone at each T 4 
concentration was determined roughly in the manner described above. 

The results were the same at pH 7-6 and 8-6. T 4 at increasing concentra- 
tions progressively displaced radioactivity from the inter-alpha zone to 
the region between the «, band and the origin, no activity appearing in 
the albumin band (Fig. 5). Some displacement of T3 was clearly detect- 
able when the concentration of added T 4 was 2 »g/100 ml. Less than half 


the T3 remained in the inter-alpha zone when the concentration of T 4 


was raised to 25 »g/100 ml. and less than 1/10 when the concentration 
was 100 »g/100 ml. (Fig. 6). At pH 9-2 T4 at a given concentration 
displaced T3 from the inter-alpha zone to about the same extent as at 
pH 8-6. However, at this pH some of the radioactivity was displaced to 
the albumin band as well as to the «,-f zone. 


Binding capacity of red cells 

An attempt was made to estimate the binding capacity of red cells for 
T3 and T 4 by determining the maximum amount of each substance that 
could be bound by a given volume of red cells suspended in buffer at 
pH 7-4. Radioactive hormone at increasing concentrations was incubated 
with red cells and the amount bound was determined from the proportion 
of the total activity present in the red cells at the end of the incubation. 
The proportion of the T3 and T 4 bound remained more or less constant 
over a range of concentration from 1 to 10,000 ug/100 ml. buffer (Table 1), 
the amount bound increasing linearly as the concentration increased. At 
a given concentration rather more T3 than T4 was bound to the cells; 
at the highest concentration tested 1 g red cells bound about 620 ng T3 
and about 510 ug T4. Owing to the low solubilities of both hormones at 
pH 7-4, binding could not be tested at concentrations approaching that 
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Fig. 5. Distribution of radioactivity along paper strips after electrophoresis of 
serum in tris-maleate at pH 7-6 with radioactive 'T 3 (1 ug/100 ml. serum) and non- 
radioactive T4 at concentrations of 10 | ), 25 (. ) and 100 (—.—.—-) 
peg/100 ml. Arrow shows line of application of sample. Solid blocks show positions 


of protein bands (A = albumin) 
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Fig. 6. Relation between concentration of radioactive T3 (1 ug/100 ml. serum) 
carried in inter-alpha zone and concentration of added T 4 in serum submitted to 


paper electrophoresis in tris-maleate buffer at pH 7-6. 


TaBLe 1. Uptake of T3 and T4 by normal red blood cells. 0-25 ml. n.8.c.+2 ml. Krebs’s 
bicarbonate buffer (pH 7-4) containing radioactive T3 or T4 at different concentrations 
incubated for 2 hr at 37 


Concentration of % activity in R.B.c. at Hormone bound 
hormone (yug/100 ml. end of incubation (ug/g R.B.C.) 
buffer) at start . ’ 
of incubation T: T4 T4 
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required to saturate the binding sites. Binding capacity could not, there- 
fore, be determined in conditions comparable with those used in the red 
cell test, though the results of Table 1 give a minimum value. 


DISCUSSION 

The binding capacity of TBP for T 4, determined from the maximum 
amount carried in the inter-alpha zone, has been found to lie between 
15 and 30 »g/100 ml. serum in most normal people (Robbins & Rall, 
1957; Tanaka & Starr, 1959). The T 4-binding capacity of the samples of 
normal serum used in this work was between 25 and 30 pg/100 ml. when 
measured by electrophoresis in tris-maleate at pH 8-6. In view of the 
errors in determining the amount of T3 carried in the inter-alpha zone, it 
is reasonable to conclude, therefore, that at pH 8-6 TBP has about the same 
binding capacity (in moles of hormone/ml. serum) for T3 as for T4. This 
suggests that all the binding sites on TBP are available to both hormones. 
[t is consistent with this suggestion that T 3 begins to be displaced from 
the inter-alpha zone by T4 when T4 is added at a concentration as low 
2s 2 pg) 100 mil. (Fig. 6). 

\s the pH is reduced from 9-2 to 7-6 albumin becomes increasingly 
ineffective in binding T 3, both at low concentrations and at high concen- 
trations approaching that required to saturate TBP. Whatever the reason 
for this effect of pH, it seems unlikely that binding by albumin can have 
any direct influence upon the distribution of T 3 between serum and 
red cells at physiological pH. 

The tendency for T 3 to spread into the region behind the inter-alpha 
zone was noticed by Deiss et al. (1953) during electrophoresis in 5,5-diethy!] 
barbiturate buffer at pH 8-6. Some of the radioactivity remaining behind 


the inter-alpha zone in tris-maleate buffer is probably due to binding of 


T3 by the «,- and 8-globulins, since peaks corresponding to these proteins 
were usually observed. On the other hand, some of it may be due to T3 
bound to the filter paper rather than to any of the serum proteins. For 
this reason, and also because of the lack of resolution between the peaks 
behind the inter-alpha zone, an exact estimate of the binding capacity 
of the «,- and 8-globulins is not possible. Nevertheless, it seems clear that 
as the pH is reduced, the more slowly moving globulins bind an increasing 
proportion of the T 3 that becomes available as the binding sites on TBP 
approach saturation. This may simply be a consequence of the fall in the 
binding power of albumin. At pH 7-6 an increasing proportion of the 
radioactivity remains at the origin as the concentration of T 3 is raised 
:/100 ml. This, as already noted, shows that the «,- and f- 


above 100 ue 


globulins approach saturation at the highest concentrations tested ; Fig. 2 
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suggests that the sum of the binding capacities of these proteins is not 
more than 300 ug/100 ml. serum at pH 7-6. 

Our attempt to measure the binding capacity of red cells for T 3 and 
T 4 was unsuccessful. However, it is possible to draw certain conclusions 
from the results. When the binding sites on the red cells approach satura- 
tion there should be a fall in the proportion of bound to total hormone as 
the concentration of hormone in the buffer is increased. The fact that no 
such fall occurs (Table 1) shows that, even at the highest concentration 
tested, the majority of the binding sites are still free. The binding capacity 
for both T 3 and T4 must, therefore, be much greater than 50 mg/100 g. 
The binding affinity for both hormones, on the other hand, must be very 
low, since 20°, or more of the total hormone in the red cell suspension is 
free at the lowest concentration. Table | also shows that red cells bind a 
larger proportion of T3 than of T 4 at a given concentration of hormone. 
This is in agreement with the findings of Crispell, Kahana & Hyer (1956) 
and suggests that the affinity of 1 3 for red cells is slightly higher than 
that of T 4. 

Christensen (1960) and Robbins & Rall (1960) have pointed out that a 
rise in the concentration of T 4 should displace T 3 to the red cells, provided 
the binding capacity of the serum proteins remains constant. Our 
observations on the electrophoretic distribution of T3 help to show how 
this may occur. 

We have shown elsewhere (Myant & Osorio, 19606) that the effect of 
pH on the binding of T4 by human serum is such as to suggest that, at 
hydrogen-ion concentrations near the physiological, TBP and albumin 
are the only proteins that bind T 4. If this is true, the binding capacity 
of TBP available to T 3 in normal plasma is approximately equal to the total 
concentration of binding sites on TBP, minus the concentration of T 4 not 
bound to albumin. When T 3 is added to a suspension of red cells in plasma 
it is shared between the red cells and those proteins in the plasma that are 
capable of binding it at physiological pH. At low concentrations of T3 
the fraction bound by the red cells and by the various binding proteins of 
the plasma will in each case be roughly proportional to the product of 
binding affinity and binding capacity available to T 3. Since it seems likely 
that several of the serum proteins compete for T3 at physiological pH 
and that they have different affinities and binding capacities, it is im 
possible to predict how the partition of T3 between red cells and plasma 
would vary with changes in the binding capacity of TBP available to 
T 3. However, it is possible to predict what should happen in general terms. 

Figure 1 shows that at pH 7-6 nearly all the T 3 added to serum at 
low concentration is bound by TBP. Since the capacity of the «- and 
8-globulins is greater than that of TBP (Fig. 2), the affinity of TBP for 
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T3 must be much greater than that of any other serum protein. As we 
have pointed out above, the capacity of the red cells is probably much 
higher than that of all the serum proteins together, whereas their 
binding affinity is very low. The net result of these factors is that in the 
presence of equal volumes of normal plasma and red cells about 90%, 
of the T'3 remains in the plasma, almost all of this being bound by TBP 
If the concentration of T 4 is increased, there is a fall in the binding capa 
city of TBP available to T3 and this results in a displacement of T3 
to the «- and f-globulins (Fig. 5). Since the binding affinity of these 
globulins is rather low and their capacity is much less than that of the red 
cells, this displacement of T3 leads to an increase in the proportion bound 
by red cells, As the concentration of T 4 is increased, the concentration of 
binding sites on TBP available to T 3 will approach zero and the proportion 
of T 3 bound to red cells will approach the value that would be observed if 
T 3 were shared only between red cells and the «- and §-globulins. The 
results of Friis (1960, Fig. 3) suggest that this value is between 20 and 25 %,. 

When the red cell test was first described, Hamolsky (1955) observed 
that if radioactive T 4, instead of T 3, was used, less than 1°, was taken 
up by the red cells and the uptake could not be used as a diagnostic test 
for thyrotoxicosis. Crispell et al. (1956) suggested that this difference was 
due to the low binding affinity of T4 for red cells compared with that of 
3. However, the difference in affinity is too small to account for the 
difference in uptake by the red cells. It seems more likely that the dif 
ference in uptake is due to the binding properties of albumin. Whereas 
albumin has a high binding power for T 4 at a pH close to the physio 
logical (Myant & Osorio, 19606), its power to bind T3 is almost com 
pletely suppressed at pH 7-6 (Fig. la, b). Hence, as the binding sites on 
TBP become filled, the red cells compete with albumin for T4, but with 
the weakly binding globulins for T 3. 

Several workers have considered the possibility that the high uptake 
of T3 by red cells in thyrotoxicosis is due to an increase in the proportion 
of binding sites on TBP that are occupied by T4 (Hamolsky, Golodetz & 
Freedberg, 1959; Robbins & Rall, 1960; Ingbar & Freinkel, 1960). If 
the high uptake in thyrotoxicosis is to be explained in this way, it should 
be possible to raise the uptake in normal plasma by adding enough T 4 to 
raise the concentration to the level found in thyrotoxicosis. Friis (1960) 
concluded that T 4 added to plasma in vitro does not affect the uptake of 
T3 until the concentration of added T4 exceeds 6 »g/100 ml. Richards 
et al. (1959) also say that the addition of T 4 to normal plasma has little 
effect on the uptake of T 3, though their experiments have not been pub 
lished. It has also been found (Hamolsky et al. 1959) that the uptake of 
T 3 by red cells is increased in plasma from patients with cirrhosis of the 
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liver or malignant disease, in whom the plasma concentration of thyroxine 
and the binding capacity of TBP are normal (Ingbar & Freinkel, 1960), 
Ingbar & Freinkel (1960) have put forward an explanation of the red cell 
test that takes account of the thyroxine-binding substance moving ahead 
of albumin during paper electrophoresis in tris-maleate buffer at pH 8-6 
(pre-albumin binding substance or TBPA). They have claimed that the 
binding capacity of this substance, as measured in tris-maleate at pH 8-6, 
is reduced in thyrotoxicosis and in many non-thyroid diseases. Although 
TBPA does not bind T3 (Ingbar, 1958), Ingbar & Freinkel (1960) have 
pointed out that a fall in the capacity of TBPA could lead to a high uptake 
of T3 by red cells because a relatively large proportion of the total T 4 in 
the serum would be carried on TBP and there would, therefore, be a fall in 
the concentration of binding sites on TBP available to T3. In support of 
this explanation they claim that the rise in T3 uptake in plasma from 
thyrotoxic patients and from patients with non-thyroid disease is corre 
lated with a fall in the capacity of TBPA 

Against this explanation, however, our observations on the effect of 
pH on the binding of T4 in serum (Myant & Osorio, 19606) suggest that 
the binding of T4 by TBPA is suppressed at physiological pH. The failure 
of Ingbar & Freinkel (1960) to find a consistent increase in T 3 uptake from 
normal plasma enriched with T 4 is difficult to reconcile with our observa 
tion that T 3 is displaced from TBP to the «,- and 8-globulins (Fig. 6) when 
the concentration of T 4 is raised by not more than 2 ~g/100 ml. Moreover, 
J. Gartside, A. W. G. Goolden, D. Jackson & C. Osorio (unpublished 
observations) have shown that the uptake of T3 by red cells in normal 
plasma is significantly increased when T4 is added at a concentration of 
| »g/ 100 ml. They have also shown that, at a given concentration of un 
occupied binding sites on TBP, the uptake of T3 in the red cell test is 
the same in plasma from thyrotoxic and myxoedematous people as in 
normal plasma enriched with T 4. In order to explain the results of the 
red cell test in thyroid disease it may not, therefore, be necessary to postu 
late any change in the serum other than an alteration in the concentra 
tion of binding sites on TBP available to T3. It must be admitted, how 
ever, that this does not explain the high T3 uptake claimed to occur in 
patients with non-thyroid diseases in whom the total binding capacity 
of TBP and the serum concentration of thyroxine are both within normal 


limits (Ingbar & Freinkel, 1960). 


SUMMARY 

1. The effect of pH on the distribution of radioactive triiodothyronine 
(T3) in normal human serum was studied by paper electrophoresis. 

2. At low concentrations most of the T 3 was carried in the inter-alpha 
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zone. As the concentration was increased, T 3 was progressively displaced 
from the inter-alpha zone. Displacement was mainly to albumin at pH 9-2, 
to albumin and the «,- and 8-globulins at pH 8-6, and to the «,- and 
8-globulins alone at pH 7-6. 

3. The T3-binding capacity of the inter-alpha, albumin and «,-8 zones 
was estimated roughly at each pH, from the maximum amount of T3 
bound at each zone. At pH 7-6, the T3-binding capacity of the inter- 
alpha zone was about 25 ug/100 ml. serum; that of the a,-8 zone was 
between 200 and 300 ug/100 ml.; that of albumin was zero. 

1. The T 3-binding capacity of red cells was found to be at least 620 yg 
g at pH 7-4, 

5. When T 4 was added at increasing concentrations to serum contain- 
ing radioactive T 3 at pH 7-6, the T 3 was progressively displaced from the 
inter-alpha zone to the «,- and £-globulins. Definite displacement was 
»bserved when the concentration of added T 4 was 2 yg/100 ml. 

6. It is concluded that when T 3 is added to a mixture of red ceils and 
plasma, the partition of T 3 between red cells and plasma is determined 
by competition between red cells, the «,- and 8-globulins, and the binding 
sites on the inter-alpha binding substance that are not already occupied 
by T4 
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PARTIAL REVERSAL OF THE EFFECTS OF THYROXINE ON 
LIPID SYNTHESIS IN RAT LIVER BY THE ADDITION 
OF COFACTORS IN VITRO 


By K. FLETCHER anpb N. B. MYANT 
From the Medical Research Council Rape rimental Radiopathology 
Research Unit, Hammersmith Hospital, London, W. 12 


( Rece ived 17 Fe bruary L961) 


The synthesis of cholesterol by rat liver slices is increased, and that of 
fatty acids is depressed, if the rat is injected with thyroxine before re 
moval of the liver (Fletcher & Myant, 1958). Treatment with thyroxine 
has also been shown to affect the synthesis of lipids in cell-free fractions of 
liver from which the mitochondria have been removed by centrifugation at 
10,000 g (Sy) fractions) (Fletcher & Myant, 1960). In 8,, fractions choles 
terol synthesis is increased after daily injections of 20 ug thyroxine and 
is depressed after larger doses; fatty acid synthesis is depressed after all 
doses of thyroxine from 20 to 100 yg/day. The depression of lipid syn 
thesis in the S 


suggested that in the 8,, fraction glycogen is the main source of energy 


1 fractions is associated with a fall in glycogen content. We 
tor the regeneration of adenosine triphosphate (ATP) and of other 
cofactors necessary for the synthesis of lipids, and that when lipid syn 
thesis is depressed in S,, preparations from thyroxine-treated rats this is 


because their lack of glycogen leads to a shortage of essential cofactors. 


In this paper we describe observations which show that glycogen does 
regenerate ATP in the S,, fractions and that the inhibitory effects of 


thyroxine treatment upon lipid synthesis can be reversed by the addition 
of ATP and other cofactors in vitro. 

During the course of this work we made some observations on the 
relation between ATP concentration and cholesterol synthesis in vitro 
that suggested a possible explanation of the increase in cholesterol syn 
thesis by liver slices from thyroxine-treated rats. This led us to study the 
optimal concentration of ATP for lipid synthesis in 8,, fractions from which 
the endogeaous ATP had been removed by dialysis. 

This paper also includes observations on the glycogen content of the 
livers of normal and treated rats. These observations are more detailed 
than those we have already reported (Fletcher & Myant, 1960), which were 
based only on the naked-eye appearance of the glycogen pellet obtained 


by centrifugation 
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METHODS 


The rats were albino males of an inbred strain weighing about 150 g. The treated animals 
were given sodium L-thyroxine daily by intraperitoneal injection for 9 days, the control 
animals receiving daily injections of the same volume of the fluid used for dissolving the 
thyroxine. At the end of the period of treatment the rats were killed by a blow on the 
head and the livers removed. Cell-free fractions were prepared in phosphate buffer (Bucher 
& McGarrahan, 1956) by the methods described elsewhere (Fletcher & Myant, 1960) 
For most experiments the 8,, fraction was used. This fraction contains the supernatant and 
the particles remaining in suspension after centrifugation for 20 min at 10,000g. For 
some experiments the 8,, fraction was spun for | hr at 104,000 g and the supernatant from 
this spinning (S,o,) was decanted from the pellet (7) containing microsomes and glycogen 
When necessary the microsomes were separated from the glycogen by gentle shaking with 
a little buffer solution. Lipid synthesis was estimated in vitro as the amount of 1-“C-acetate 
incorporated into the cholesterol and fatty acids of the liver fractions after incubation for 
2hr at 37° C. The incubations were carried out in a standard medium consisting of the 
buffer solution used for preparing the fractions, with reduced diphosphopyridine nucleotide 
(DPNH, 1-0 umole), oxidized triphosphopyridine nucleotide (TPN, 0-5 pmole), glutathione 
(20 pmole), and sodium 1-™C-acetate (20 ~mole + 5 uc); other cofactors were added as desired 
Each flask contained the equivalent of 0-7 g of fresh liver; the final volume in each flask, 
including homogenate and buffer, was 3-5 ml. At the end of the incubation cholesterol as 
digitonide and fatty acids as soaps were isolated from the contents of the flasks and assayec! 


for radio-activ ity by methods deacribed elsewhere (Fletcher & My ant, 1960) The amountu 


of lipid synthesized were expressed as micromoles radioactive acetate incorporated into 


cholesterol or fatty acids per gram of fresh liver 

For each experiment on the effect of adding cofactors the S,, fraction was prepared from 
the pooled livers of six treated rats (treated preparation) and of six controls (control 
preparation), matched for weight with the treated animals, Synthesia of lipids was then 
measured in incubation flasks, usually paired, with or without the addition of cofactors 
The livers from six rate usually gave enough 8,, fraction for more than 20 flasks. The values 
observed within each pair of incubation flasks differed from each other by leas than 10% in 
almost all cases 

Estimation of glycogen. The liver was frozen in liquid air immediately after removal from 
the rat. A portion of the frozen liver was then weighed and dropped into KOH solution, 
33 2/100 ml., at 100 After digestion on the steam-bath for 1 hr, glycogen waa isolated by 
the method of Somogyi (1957) and hydrolysed to glucose by digesting it in boiling 4 n-H,SO, 


for 1 hr. The glucose was then estimated by the method of Nelson (1944), with the Somogyi 


reagent (Somogyi, 1945) 

Katimation of ATP. The liver was dropped into liquid air immediately after removal from 
the rat. Portions of about 200 mg were crushed to a fine powder in a cooled steel cylinder 
A weighed quantity of the powder was then stirred into a few millilitres of ice-cold 10°, 
trichloroacetic acid and left for 10 min. The mixture was neutralized with NaOH, made 
up to 10 ml. with the glycine buffer used for the assay, and diluted with buffer to give a final 
concentration of about 1 zg ATP/ml. The ATP was estimated from the light emitted by the 
fire-fly enzyme system, by a modification of the method of Strehler & Totter (1954). About 
1) mg dried fire-fly tails (Schwarz Bioresearch Inc., New York) were ground with glass powder 
in 10 ml. of 0-1 arsenate buffer at pH 7:2 and left at 15° C until required, On the day of 
the aasay the mixture was thawed and spun at 700g for 10 min at 5° C. The slightly turbid 
supernatant, containing the enzyme system, was decanted and kept on ice during the 
ASSAY Samples of the liver extracta (0-04-0-1 ml.) to be assayed were added to a solution 
containing 2 ml. 0-05™ glycine buffer at pH 7-2, 0-2 ml. 0-1mM-MgS0O, and 0-2 ml. of enzyme 
solution in 3 ml. cuvettes housed in a light-tight box placed against the end of a photo 
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multiplier tube (EMI-6097 5). This was connected to a potentiometer recorder. The deflexion 
was read at 20 sec after addition of the ATP. The response of the recorder was linear over a 
range of ATP from 0-01 to 0-1 ag; there was no response to adenosine diphosphate. Standard 
curves were prepared for each set of assays on any day. 

The avidin was prepared from fresh hens’ eggs by the method of Woolley & Longsworth 


1942 
RESULTS 
Concentration of glycogen in whole liver 

In an earlier part of this work (Fletcher & Myant, 1960), thyroxine 
treatment was shown to cause a fall in the concentration of glycogen in 
the liver. However, this finding was based on the naked-eye appearance 
of the pellet obtained by centrifugation of the S,, at 104,000 g. In view 
of the probable importance of glycogen as an energy source for ATP 
regeneration in the S,,, it seemed desirable to obtain more accurate in 
formation about the glycogen content of the livers of treated rats, and to 
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Fig. 1. Concentration of glycogen (mg/g wet weight) in livers of normal 


and thyroxine-treated rate. Vertical lines show s.2. of mean. 


see how this was related to the dose of thyroxine. Figure | shows the 
glycogen concentration in the livers of normal rats and of rats given doses 
of thyroxine ranging from 10 to 50 y»g/day. In the normal livers the con 
centration averaged 51+6-1 mg/g wet weight. After treatment with 
10 ug thyroxine/day there was a significant fall in the glycogen concentra 
tion and after 50 ug/day the level was less than 10 °,, of that in the controls. 
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Concentration of ATP in whole liver and S,, fractions 


The ATP content of the livers and of the pooled 8,, fraction was measured 
in groups of control and treated rats. In the whole livers from normal rats 
the average concentration of ATP was 24+02 pmole/g wet weight. 
After treatment with increasing doses of thyroxine there was a progressive 
fail in ATP concentration to an average value of 1-0 + 0-1 «mole/g when 
the daily dose was 50 yg (Fig. 2). In the 8,, fraction from normal rats the 
average concentration of ATP was 0-65 nmole/ml. After treatment with 
50 pg thyroxine/day the concentration fell to an average of 0-31 uzmole/ml 
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Fig. 2. Concentration of ATP (umole/g wet weight) in livers of normal and 


thyroxine-treated rate. Vertical lines show s,s. of mean. 


Glycogen as an energy source for ATP regeneration in the 
Si fraction 

If glycogen is the main source of energy for the regeneration of ATP 
in the S,.. ATP might be expected to disappear more rapidly from the 
treated than from the control preparations. The rates of disappearance 
of endogenous and exogenous ATP were therefore compared in treated 
and control preparations. 8,, fractions were prepared from normal rats 
and from rats given 50 ug thyroxine/day and were then incubated in the 
standard medium, with and without added ATP. Samples were taken at 
zero time, and then at various intervals, for estimation of ATP. Figure 3 
shows the results of a typical experiment. When no exogenous ATP was 
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added, the ATP concentration in the control preparation rose slightly 
during the first 30 min and then fell to less than 0-10 pmole/ml. by the 
end of the second hour; in the treated preparation the initial concentration 
was less than that in the control and the rate of disappearance was greater, 
the concentration falling almost to zero during the first 15 min. When 
exogenous ATP (2 «mole/ml.) was added, the rate of disappearance in 
the treated preparation was much greater than that in the control. 


P 30r- 
E ‘Gidieee, 














' 
90 


Incubation time (min) 


z. 3. Concentration of ATP in 8, during incubation in standard medium at 
C for 2 hr. Control (A—A) and treated (&—A)5S,, to which ATP (2 umole/ml.) 
8 added at zero time; control | ) and treated (@—@®) 58,,) with no exogenous 


ATP 


rhe high rate of disappearance in the treated §,, fraction with added ATP 
was such that by the end of the first half hour the concentration was 
lower than that in the control without added ATP. 

Further evidence that glycogen acts as a source of energy for the forma 
tion of ATP was obtained by studying the effect of exogenous glycogen 
on the rate of disappearance of ATP during a 2 hr incubation period. 
Treated and control 8,, fractions were prepared in the usual way. The 
treated fraction was then divided into two parts. To one, glycogen was 
added at zero time in sufficient quantity to raise the concentration approxi- 
mately to that in the control preparation ; to the other, glycogen was added 
i hr after the beginning of the incubation. The control preparation re- 
ceived no exogenous glycogen. When the glycogen was added to the 
treated preparation at zero time, the curve of disappearance of ATP was 
restored almost to that seen in the control preparation (Fig. 4). When the 
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glycugen was withheld until the end of the first hour, the ATP concentra- 
tion fell to zero within the first 45 min. Within 15 min of the addition of 
glycogen, ATP reappeared, rising to a maximum of 1-4 »mole/ml. and 
then declining. In the treated preparation to which glycogen was not 
added at the beginning of the incubation, synthesis of cholesterol and 
fatty acids showed a marked slowing up during the second half hour, 
followed by a secondary rise after the addition of glycogen (Fig. 4). 
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Fig. 4. Effect of glycogen on concentration of ATP and on lipid synthesis in Sy 
during incubation in standard medium at 37 °C for 2 hr. (a) ATP concentration in 
control Sy» ( ), in treated S,, to which glycogen (30 mg/ml.) was added at 
zero time (&— 4) and in treated 8,, with glycogen (10 mg/ml.) added at end of | hr 
(A—A). Exogenous ATP (2 umole/ml.) was added to all three fractions at zero 
time. (6) “C-acetate (counts/min from digitonide or soap at infinite thickness) in- 
corporated into cholesterol (O ) and fatty acids (A —-/) in the treated §,, to 
which glycogen was added at end of first hour. Arrow shows addition of glycogen. 
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Effect of adding ATP to Sy, 

Preliminary experiments showed that when ATP was added to the 
control preparations incubated for 2 hr in the standard medium, synthesis 
of fatty acids was increased and that of cholesterol was reduced. A more 
detailed study of these effects (Fig. 5) showed that as the concentration of 
added ATP was raised, fatty acid synthesis increased to a maximum at 
between 2 and 4 umole ATP/ml. and then declined, eventually falling to 
the level observed in the standard medium alone. Cholesterol synthesis, 
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f ATP on synthesis of fatty acids { ) and cholesterol ) from 


in 8, fraction from normal rat liver incubated in standard medium 
>hr. Values represent pmole acetate incorporated, expressed as %, 
» absence of added ATP. Results collected from many different 


on the other hand, fell continuously as the concentration of added ATP 
was raised from 0-5 to 10-0 zmole/ml. In contrast to the findings with fatty 
acids, there was no initial rise to a maximum at low concentrations of ATP. 

The response of the treated preparations to ATP depended to some 
extent on the dose of thyroxine given to the rats. After treatment with 
20-yg doses of thyroxine, ATP usually stimulated lipid synthesis, as shown 
in Fig. 6. In this experiment the amounts of fatty acid and cholesterol 
synthesized in the standard medium alone were 17 and 65%, respectively, 
of the amounts synthesized in the control preparation. As the concentra- 
tion of added ATP was raised from 0-5 to 7-0 uzmole/ml., fatty acid syn- 
thesis in the control preparation showed the usual rise to a maximum 
followed by a decline. In the treated preparation synthesis rose towards 
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the control level but did not reach the level observed in the control pre- 
paration with no added ATP, even when the concentration of added ATP 
was raised to 7 uzmole/ml. Cholesterol synthesis in the control flasks 
showed the usual depression at all concentrations of added ATP. In the 


treated preparation cholesterol synthesis rose to a maximum at 1-2 pmole 
ATP/ml. and then declined more or less in parallel with the control curve. 


Synthesis of cholesterol and fatty acids 
(100 =synthesis in control with no added ATP) 


3 4 
Concentration of added ATP (4 mole/ml.) 





Fig. 6. Effect of ATP upon synthesis of cholesterol and fatty acids in 5, fraction 
of liver from control rats and from rats injected with 30 wg L-thyroxine/day for 
9 days. Values show amount synthesized expressed as percentage of amount syn- 
thesized by control S,, with no added ATP. , cholesterol in control 8,9; 
wo @, cholesterol in treated S,,; , fatty acids in control 8,,; A——-—4A, fatty 


acids in treated 8,,. 


At the maximum value cholesterol synthesis was a little higher than the 
value observed in the control preparation in the standard medium alone. 

After larger doses of thyroxine (50-100 wg/day) or, as sometimes 
happened, when there was a marked depression of lipid synthesis after 30 ug 
thyroxine/day, ATP had little effect on lipid synthesis until the concentra- 
tion was raised above 5 «jmole/ml. Figures 7 and 8 show the results of an 
experiment which illustrates this type of response. The treated rats were 
given 50 wg thyroxine/day and this was followed by a depression of fatty 
acid synthesis to 7°, and of cholesterol synthesis to 36 °%,, of the control 
levels. When the concentration of added ATP was raised to 7 uzmole/ml., 
fatty acid synthesis was still only about 20°%, of the level observed in the 
control preparation with no added ATP. The addition of ATP at increasing 
concentrations to the treated preparation led to a rise in the synthesis of 
cholesterol, in contrast to the continuous fall observed in the control. 
However, synthesis failed to reach the control level when the concentra- 


tion of added ATP was 7 »mole/ml. 
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Synthesis of fatty acids 
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Fig. 7. Effect of ATP, with and without G6P (15 wmole/ml.), upon synthesis of 
fatty acids in 8,, fraction of liver from control rats and from rats injected with 
10 wg L-thyroxine/day for 9 days. Values show amount synthesized, expressed as 
percentage of amount synthesized by control 8, with no added ATP and no 
G6P , control 8, with no G6P; , control 8,, with G6P; © e. 


treated 5,, with no G6P; 4 +, treated S,, with G6P. 
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ATP, with and without G6P, upon synthesis of cholesterol in 


er from same rats as those used for experiment of Fig. 7. Symbols 


The influence of glycogen on the effect of adding ATP to S,, 

lhe results described in the previous section show that ATP added at 
a concentration of 5 «.mole/ml. markedly inhibits cholesterol synthesis 
in the control S,,, whereas the addition of ATP at this concentration 
may stimulate synthesis in the treated S,, (as in Fig. 8). Similarly, 
high concentrations of ATP may be inhibitory to fatty acid synthesis in 
the controls but stimulatory in the treated. The reason for this anomaly 
seems to be the deficiency of glycogen in the treated preparations 
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This leads to a rapid disappearance of ATP, so that although the initial 
concentration may be almost as high in the treated as in the controls, 
the mean concentration throughout the incubation is much lower in 
the treated, and is not high enough to inhibit cholesterol synthesis. 
Wher glycogen is added to the treated preparation, the effect of 
increasing concentrations of ATP on cholesterol and fatty acid syn- 
thesis is the same as in control preparations without added glycogen. 
Figure 9 shows an experiment illustrating this. In the Sy) preparation 
from a group of rats given 50 ug thyroxine/day, synthesis of both lipids 
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Fig. 9. Effect of ATP on cholesterol (a) and fatty acid (b) synthesis in treated 8,, 
after incubation at 37 °C for 2 hr with (A— A) and without (/ A) glycogen 
(30 mg/ml. added at zero time). In this experiment synthesis was also measured in 
control 8,,, to which no ATP had been added, with (@) and without (©) glycogen 
(30 mg/ml.). 


increased as the concentration of ATP was raised to 10 »mole/ml. When 
glycogen alone (30 mg/ml.) was added to the treated preparation, chole 
sterol synthesis was increased about twenty-fold, reaching a value more 
than twice that of the control preparation with no exogenous glycogen. 
When ATP was added at increasing concentrations to the treated prepara 
tion containing exogenous glycogen, there was a progressive fall in chole 
sterol synthesis. In the presence of exogenous glycogen, fatty acid synthesis 
in the treated preparation followed a curve similar to that seen in control 
preparations, rising to a maximum at 3 ~mole ATP/ml. and then declining. 


Optimal concentration of ATP for lipid synthesis mm Sy 
The inhibitory action of exogenous ATP on cholesterol synthesis in the 
control 8,, (Fig. 5) suggests that the concentration which is optimal for 
synthesis may be lower than the concentration of endogenous ATP in normal 
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liver. We therefore tried to measure the optimal concentration of ATP by 
making observations on 8,, fractions from which the endogenous ATP had 
been removed by dialysis. S,,, and M fractions were prepared from the 
pooled livers of normal rats and from rats injected with 30 ng thyroxine/day. 
The microsomes in the M fraction were separated from the glycogen and 
stored at — 15°C until required. The 8,., was then dialysed for 18 hr at 
0° C against the buffer used for preparing the homogenates. After dialysis 
the treated and control S,,, fractions were recombined with their own 
microsomes and supplemented with the substances shown in Fig. 10. 
Lipid synthesis was then measured in the recombined fractions from 
treated and control rats, in the presence of increasing concentrations of 
ATP. Synthesis was also measured in the §,, fractions from the same livers 
before dialysis. Figure 10 shows the results of a representative experiment, 
in which treatment with thyroxine depressed fatty acid synthesis to 19°, 
and cholesterol synthesis to 37°, of the control values when tested in the 
undialysed §,, fractions. In the dialysed preparations from the treated and 
ontrol rats synthesis of fatty acids and cholesterol was scarcely detectable 
in the absence of added ATP. As the concentration of ATP was raised, 
fatty acid synthesis increased to a maximum at 2-4 pmole/ml., the values 
from the treated preparation being rather lower than those from the 
controls. Cholesterol synthesis in the control preparations increased 


steeply to a maximum at a concentration of ATP which varied in different 
experiments, but was usually about 0-5 wmole/ml. At concentrations 


greater than | »mole/ml., ATP increasingly depressed cholesterol synthesis. 
In the treated preparations the maximal synthesis of cholesterol was al- 
ways higher than that in the controls and the inhibitory effect of ATP at 


high concentrations was less marked. 


Effect of changing the AT P:Mg** ratio 

Some of the effects of thyroxine on mammalian cells can be reversed 
by the addition of Mg in vitro (Bain, 1954; Tapley, 1956). Although Mg 
was added to the buffer used in our work, it seemed desirable to find out 
whether an increase in the concentration of magnesium had any effect 
on the synthesis of lipids in the 8, fractions from treated rats. Another 
reason for studying the effect of Mg?*+ was the finding of Levy & Popjak 
(1960) that there is an optimal ATP: Mg?* ratio for one of the steps in the 
synthesis of cholesterol. 

When no ATP was added, increasing the Mg concentration from 5 to 
10 »xmole/ml. depressed cholesterol synthesis in the control preparations 
and had no effect on the treated (Fig. 11). At higher concentrations of ATP, 
the inhibitory effect of ATP in the control preparation was partially 
reversed; synthesis of cholesterol in the treated preparations was un- 
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Fig. 10. Synthesis of cholesterol and fatty acids at increasing concentrations of 
ATP in dialysed S,, from control and thyroxine-treated rats. Values expressed as 
percentage of synthesis in control S,,. in the presence of 1 zmole ATP/ml. O—O, 
fatty acid synthesis in control; @ @, fatty acid synthesis in treated; A—A, cho- 
lesterol synthesis in control; A-—~— A, cholesterol synthesis in treated preparation. 
Samples incubated at 37° C for 2 hr. in standard medium +CoA (0-05 umole) and 


glycogen (35 mg). 


Cholesterol synthesis 


(100 = synthesis with Mg?’ 








ATP (umole/m! ) 


Fig. 11. Effect of changing the relative concentrations of Mg** and ATP on 
synthesis of cholesterol in control (©) and treated (@) 8, fractions incubated at 
37 °C for 2hr. Synthesis was measured in the standard medium at increasing 
concentrations of ATP with 0-005mM-Mg** ( ) or 0-Olm-Mg** (—--—-—-). 
Values expressed as %, synthesis in control 8,. with 0-005m-Mg** and no added 
ATP. The treated §,, fraction was obtained from a group of rats given 50 ug thy- 


roxine/day for 9 days. 
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affected. Mg** had very little effect on fatty acid synthesis either in the 
control or in the treated preparations. 

These results show that the inhibition of lipid synthesis brought about 
by thyroxine is not due to an antagonism between thyroxine and the 
magnesium ions essential for the action of certain enzymes. Our findings 
are, however, consistent with the possibility that some, though not all, of 
the inhibitory action of ATP on cholesterol synthesis is due to an un- 
favourable ATP: Mg** ratio. 


Effect of adding generators of reduced triphosphopyridine nucleotide 

The failure of ATP consistently to restore lipid synthesis to the normal 
level, especially after large doses of thyroxine, suggested that thyroxine 
treatment may produce some other shortage in the S,,, in addition to 
that of ATP. Since the break-down of glycogen may lead to the generation 
of reduced triphosphopyridine nucleotide (TPNH), one of the cofactors 
required for synthesis of both cholesterol and fatty acids, it seemed possible 
that the low glycogen content of the S,, might lead to a shortage of TPNH. 
\ccordingly, experiments were designed to test the effect of substances 
capable of reducing TPN to TPNH in the 8,, fraction from rats treated 
with 50 ug thyroxine/day. 

Effect of glucose-6-phosphate. When glucose-6-phosphate (G6P, 15 umole 
m!.) was added to the control preparations, fatty acid synthesis was either 
uninfluenced, or was slightly stimulated in the presence of low concen- 
trations of ATP (Fig. 7). Cholesterol synthesis showed little change, 
except in the presence of high concentrations of ATP, when inhibition 
was always observed (Fig. 8). In the treated preparations G6P stimu 
lated fatty acid synthesis at all concentrations of ATP tested (Fig. 7), but 
in no case did it restore synthesis to the normal level. Cholesterol syn 
thesis in the treated preparations was stimulated at all concentrations of 
ATP and in one experiment (shown in Fig. 8) it was restored to the level 
observed in the control preparation without added ATP. 

Effect of iso-citrate. Since the soluble fraction of the liver cell contains 
iso-citrate dehydrogenase (an enzyme catalysing the oxidation of iso-citrate 
by TPN), the addition of iso-citrate to the 8, 
of TPNH. However, the oxidation of iso-citrate gives rise to CO,, and 


» Should increase the supply 


this is known to stimulate the synthesis of fatty acids from acetate by the 


malonyl co-enzyme-A (CoA) pathway (see Discussion). We have shown 
elsewhere (Fletcher & Myant, 1961) that fatty acids in our S,, prepara 
tions are synthesized by this pathway. It was therefore necessary to 
work with a concentration of HCO,~ optimal for fatty acid synthesis if 
we were to distinguish between a stimulatory action of iso-citrate on 
fatty acid synthesis due to TPNH generation, and one due to an increase 
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in HCO, concentration. Preliminary experiments showed that fatty 
acid synthesis increased to a maximum as the concentration of HCO, 

was raised to 30 »mole/ml. and that inhibition occurred at higher con- 
centrations. A concentration of 30 ~»mole/ml. HCO,~ was therefore chosen 
for the experiments with iso-citrate. 

Figure 12(a, 6) shows the results of an experiment in which the treated 
S,o fraction was obtained from a group of rats given 50 yg thyroxine/day. 
Synthesis of both cholesterol and fatty acids was reduced to less than 10°, 
of that in the control preparation. When the concentration of added ATP 
was raised from 0 to 10 «jmole/ml. synthesis of fatty acids increased pro- 
gressively in the treated preparation, though it did not reach the maximum 
value observed in the controls. When DL-iso-citrate (6 ~mole/ml.) was 
added, fatty acid synthesis at a given concentration of ATP was un 
changed in the control, but was stimulated in the treated preparation; 
with iso-citrate in the presence of 10 »zmole ATP/ml., synthesis of fatty 
acids in the treated preparation reached a higher level than that observed 
in the control. 

Cholesterol synthesis in the treated preparation was restored almost to 
the control level by the addition of 10 pzmole ATP/ml. At all concentra- 
tions of ATP, iso-citrate depressed cholesterol synthesis in both treated 


and control preparations 


Effect of TPN, DPNH and co-enzyme A 

When the concentration of TPN was increased above that already 
present in the standard medium, synthesis of fatty acids and cholesterol! 
was reduced, both in the control and treated preparations, and in the 
presence of increasing concentrations of ATP (Fig. 13). When the con- 
centration of DPNH was increased in the standard medium with 3 pmole 
ATP/ml., fatty acid and cholesterol synthesis was depressed in both treated 
and control S,, preparations (Table 1). The addition of co-enzyme A 
(0-05 pmole/ml.) to the standard medium supplemented with ATP had 
no effect on fatty acid synthesis, either in the control or in the treated 
S,). but cholesterol synthesis was stimulated to an equal extent in both 
preparations (Table 1). CoA at concentrations greater than 0-1 ~mole/ml. 


depressed cholesterol synthesis in both preparations. 


Relation between fatty acid and cholesterol synthesis 
The results reported here and in our two earlier papers (Fletcher & 
Myant, 1958, 1960) show that in certain conditions the synthesis of 
cholesterol is related reciprocally to that of fatty acids. In the 8,, from 
normal rats, for instance, fatty acid synthesis is stimulated by increasing 
the concentration of ATP to 4 umole/ml., whereas cholesterol synthesis 
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Fig. 12. Effect of pL-tso-citrate (20 uzmole/ml.), in the presence of varying con- 
centrations of ATP, on cholesterol (a) and fatty acid (b) synthesis in 8,, from control 
rats and from rats injected with 50 ug thyroxine/day for 9 days. Samples incu- 
bated in standard medium with 30 umole HCO,~/ml. at 37°C for 2hr. Vaiues 


expressed as %, synthesis in control 8,, with no tso-citrate and no added ATP. 
, control with no tso-citrate; @—@® treated with no iso-citrate; ‘ 


control with tso-citrate; A A, treated with iso-citrate. 
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is inhibited. Similarly, in liver slices from thyroxine-treated rats and in 
the 8,, from rats given small doses of thyroxine, cholesterol synthesis is 
increased and fatty acid synthesis is depressed. This relationship suggests 
that the two biosyntheses are interdependent. We have shown elsewhere 
(Fletcher & Myant, 1961) that synthesis of fatty acids in the S8,, can be 
modified by the addition of avidin without influencing cholesterol syn- 
thesis. Nevertheless, it seemed worth while examining this point in more 
detail. The effect of increasing concentrations of ATP on cholesterol 
synthesis in the S,, was tested in the presence of enough avidin to inhibit 
fatty acid synthesis to about 20°, of the normal level. At the lower 


Fatty acid synthesis 


Cholesterol synthesis 








0-1 0-2 0-2 

TPN added to standard medium (umole/ml.) 

Fig. 13. Effect of TPN on synthesis of fatty acids (O, @) and cholesterol (A, A) in 
control (O, A) and treated (@, A) 5,, fractions with no added ATP and with 
3 umole added ATP/ml. Treated rats given 30 ug L-thyroxine/day for 9 days. 
Samples incubated at 37° C for 2 hr in standard medium supplemented with TPN 
at the concentrations shown. Values expressed as °% synthesis in control 8,, in 
standard medium with 0-05 pmole TPN/ml. ATP concentrations as shown in Fig. 


Taste 1. Effect of DPNH and CoA on fatty acid and cholesterol synthesis in control and 
treated S,, samples incubated for 2 hr in standard medium with 3 wymole ATP/ml., with and 
without DPNH (0-1 zmole/ml. in addition to that already present) or CoA (0-05 umole 
ml.). Values show average pmole |-C-acetate incorporated/g liver during incubation of 
paired samples. Treated rats given 30 wg thyroxine/day 


Synthesis of lipids in Standard 
medium 


+ATP +ATP 

ATP +DPNH +CoA 

Fatty acids Control 0-213 0-174 0-204 
Treated 0-026 0-022 0-027 


Cholesterol Control 0-420 0-271 0-497 
(x 10) Treated 0-072 0-054 0-088 
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concentrations of ATP, inhibition of fatty acid synthesis led to a slight 
increase in cholesterol synthesis (Fig. 14), but the inhibitory action of 
ATP at high concentrations was just as marked when fatty acid synthesis 


was inhibited as it was in the absence of avidin. 


Concentration of added ATP (s#mole/mIi.) 


Fig. 14. Effect of avidin on fatty ac id (O, @) and cholesterol (A, 4) sypthesis in 


S,, from normal rat liver incubated at 37 °C for 2 hr in standard medium with 


ATP at increasing concentrations. Avidin added equivalent to 2 xg biotin/3-5 ml. 


0 


incubation mixture , A, no avidin; @, A, with avidin. Values expressed as %, 


swnthesis with no added ATP and no avidin. 


DISCUSSION 
Depression of lipid synthesis in Sy 
Toxic doses of thyroid hormone have been known for many years to 
cause a fall in the glycogen content of the liver (Parhon, 1913). Our 
observations show that there is a significant fall in liver glycogen after 
the smallest doses capable of depressing lipid synthesis in the S,, fraction. 
This is consistent with our conclusion (Fletcher & Myant, 1960) that a 


shortage of glycogen is the most important cause of the depression of 


lipid synthesis in the S,). The experiments on the effect of adding glycogen 


to the treated S,, show that glycogen normally supplies energy for the 
resynthesis of ATP (Fig. 4). This, together with the finding that ATP 
stimulates lipid synthesis in the treated preparations, also supports our 
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suggestion that the fall in glycogen acts, at least in part, by producing a 
shortage of ATP during the incubation. The diminution in the concentra- 
tion of pre-formed ATP in the 8,, may also contribute to the depression 
of lipid synthesis. However, the amount of lipid synthesized during the 
2-hr period probably depends more upon ATP regenerated throughout 
the incubation than upon the amount initially present, since ATP dis- 
appears rapidly unless glycogen is present (Fig. 3). 

A lack of ATP could, by itself, account for the depression of cholesterol 
synthesis observed after doses of 30 ug of thyroxine, since ATP usually 
restored synthesis to the normal level. The failure to restore fatty acid 
synthesis completely with ATP alone, especially after the larger doses of 
thyroxine, suggests that the depression of this synthesis is due to a de- 
ficiency of other cofactors, in addition to that of ATP. The results of Table |! 
show that there is no shortage of DPNH or CoA in the treated 8,9, but the 
stimulatory effect of iso-citrate points to a failure to supply enough TPNH 
for fatty acid synthesis. This, in turn, could be due to the low glycogen 
content of the 8,5, since TPNH is generated in the cell sap partly by the 
oxidation of G6P, which may arise from the break-down of glycogen. The 
stimulatory effect of G6P is also consistent with a shortage of TPNH, 
although it is impossible to tell whether this effect is due to the formation 
of TPNH, of ATP. or of both. since G6P generates ATP as well as TPNH. 
Glock & McLean (1955) have shown that large doses of thyroxine reduce 
the concentration of total triphosphopyridine nucleotide (TPN +TPNH) 
in whole liver. However, this may not be relevant to what happens in the 
S,o fraction after daily doses of 30-50 ug thyroxine; the inhibitory effect 
of TPN (Fig. 13) shows that there is no shortage of this cofactor in our 
preparations. 

Although a shortage of TPNH may be one of the factors causing a 
depression of fatty acid synthesis in the treated 8,9, it does not seem to 
contribute to the depression of cholesterol synthesis, since this was never 
stimulated by iso-citrate. Presumably the enzyme systems that synthesize 
cholesterol are less sensitive to a fall in TPNH than are those taking part 
in fatty acid synthesis. 

Fatty acid synthesis could never be restored to the maximum in the 
controls by adding ATP and iso-citrate in excess. The depression in the 
treated 8,, cannot, therefore, be fully explained by a shortage of ATP and 
TPNH. Thyroxine must have some other effect, in addition to that of 
causing a shortage of the cofactors generated by glycogen in the control 
Si fraction, but we do not know what this is. Possibly, treatment with 
thyroxine diminishes the activity of some of the enzymes that synthesize 
fatty acids in the liver. The observations on dialysed 8,, preparations 
are consistent with this, in that fatty acid synthesis was usually less in 
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the treated than in the control preparation when both were dialysed and 
tested in the standard medium supplemented with the same substances 


(CoA, ATP and glycogen). 


Effect of thyroxine on lipid synthesis in liver slices 


Treatment with thyroxine brings about a fall in the ATP concentration 
in the whole liver, detectable after the smallest doses capable of influencing 
lipid synthesis (Fig. 2). Other workers (Chilson & Sacks, 1959; Chatagner 
& Gautheron, 1960) have observed this effect of thyroxine, though not 
with doses as small as those we have used. Since ATP in the whole cell is 
normally regenerated in the mitochondria, the fall in ATP concentration 
cannot be explained by the low glycogen content of the liver in thyroxine 
treated rats. Thyroxine added in vitro is known to inhibit oxidative phos 
phorylation in mitochondria, either directly (Hoch & Lipmann, 1954) or 
indirectly by accelerating mitochondrial swelling (Tapley, 1956). However, 
the evidence that thyroxine affects oxidative phosphorylation in vivo is 
based on experiments in which animals were treated with doses of thy 
roxine many times larger than those used in this work (Tapley, 1956; 
Lee, Takemori & Lardy, 1959). Moreover, observations on the liver 
mitochondria of our control and treated rats (K. Fletcher, N. B. Myant, 
und D. D. Tyler, unpublished) have shown either no differences in the 


efficiency of oxidative phosphorylation, or differences that seem to be 
too small to account for the observed fall in the ATP content of the whole 
liver. It has been claimed that thyroxine stimulates a mitochondrial 
\TP-ase (Maley, 1957), but if this were the cause of the fall in ATP in 
the livers of the treated rats a decrease in the efficiency of oxidative 
phosphorylation should be readily detectable in the mitochondria. 
Possibly, high-energy phosphate is generated normally in the liver mito 


chondria of the treated rats and is destroyed abnormally rapidly in the 
cell sap. However, this is difficult to reconcile with our finding that the 
rate of disappearance of ATP is normal in treated S8,, preparations en 
riched with glycogen (Fig. 4). 

The fall in ATP in the whole cell, however it may be brought about, 
would be expected to lead to a depression of fatty acid synthesis in 
slices from treated livers. The findings in the 8,, preparation suggest that 
there may also be a shortage of TPNH owing to the low glycogen content 
of the liver cells, and that there may be a reductiorwin the activity of the 
fatty-acid-synthesizing enzymes. Thus, our findings provide a reasonable 
explanation of the effect of thyroxine treatment on fatty acid synthesis 
in slices. However, cholesterol synthesis from acetate is always stimu- 
lated in slices from thyroxine-treated rats (Fletcher & Myant, 1958). 
This raises the question whether a stimulation in the whole cell can be 
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explained by the effects that we have observed in the S,, fraction. In this 
connexion it is relevant to consider how far the syntheses of fatty acids and 
cholesterol are interdependent, both in the S,, fraction of the liver and in 
the whole cell. 

It has been shown (Fletcher & Myant, 1961) that in the 8,, fractions 
used in this work fatty acids are synthesized by the ‘malonate’ pathway 
discovered by Brady (1958) and Wakil (1958). Acetate, after activation 
to acetyl CoA, is converted to malonyl CoA by the addition of CO,. 
The fatty acid molecule is then built up by the condensation of units of 
malonyl CoA. In addition to ATP and CoA, TPNH and possibly DPNH 
are required as cofactors. The formation of acetyl CoA is also the first 
step in the synthesis of cholesterol, but the next step is the formation of 
aceto-acetyl CoA and not of malonyl CoA. ATP, CoA and TPNH are 
also required for this synthesis. Thus, the two biosynthetic pathways 
share a single precursor (acetate) and at least three cofactors. A change 
in the amount of lipid synthesized by one pathway might, therefore, be 
expected to influence the amount synthesized by the other. It is unlikely 
that competition for acetate influences the relative rates of the two 
syntheses in the 8,,, since it was added in excess. There could, however, 
be competition for some cofactor. Let us suppose that fatty acid synthesis 
is limited by the supply of ATP and that cholesterol synthesis is limited 
by the amount of some other cofactor (2) common to the two pathways. 
An increase in ATP would stimulate fatty acid synthesis and this would 
lead to a fall in the amount of z available, and, hence, to a depression of 
cholesterol synthesis (as in Fig. 5). Similarly, a fall in ATP would depress 
fatty acid synthesis and so release more of x. Provided the concentration 
of ATP were not so low as to limit cholesterol synthesis, this would 
increase. At lower concentrations of ATP both fatty acid and cholesterol 
synthesis would be depressed. 

This hypothesis depends on the assumption that fatty acid and choles 
terol synthesis are, in fact, interdependent. Against this, we have shown 
that in the 8,, fraction it is possible to produce large changes in fatty acid 
synthesis without changing cholesterol synthesis (Fletcher & Myant, 
1961). This suggests that, in the conditions in which synthesis is observed 
in the S,>, the two pathways are not closely linked by competition for 
cofactors. The finding that ATP still inhibits cholesterol synthesis when 
fatty acid synthesis is suppressed by avidin (Fig. 14) is also inconsistent 
with the explanation we have suggested above for the action of ATP on 
cholesterol synthesis in the control 8,, fractions. However, the concentra- 
tions of endogenous cofactors in the whole cell probably differ widely 
from the concentrations of added cofactors in the 8,, fraction. It is pos 
sible, therefore, that conditions in liver slices are such as to favour com 
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petition of the type discussed above. In this case, a fall in the concentra- 
tion of ATP might lead to an increase in cholesterol synthesis. It is, per- 
haps, relevant that Bloomfield & Bloch (1960) have shown that sterol 
synthesis from acetate is increased in a biotin-requiring strain of yeast 
when fatty acid synthesis is reduced by withholding biotin from the 


incubation medium. 

Another factor which may help to explain how a shortage of ATP could 
cause a rise in cholesterol synthesis is suggested by the ATP concentra- 
tion curves from dialysed preparations (Fig. 10). These curves show that 
the optimal concentration of ATP is about 0-5 ~mole/ml. for cholesterol 
synthesis and is about 3 «mole/ml. for fatty acid synthesis. A similar 
optimal concentration of ATP for cholesterol synthesis was also found by 
Knauss, Porter & Wasson (1959). The concentration of ATP in the livers 
of the untreated rats used in this work was 2-4 nmole/g wet liver (Fig. 2). 
If, therefore, the relationship between ATP concentration and lipid 
synthesis is the same in the whole cell as it is in the S,,, a fall in liver ATP 
comparable with that shown in Fig. 2 would be expected to lead to an 
increase in cholesterol synthesis in liver slices. 

Finally, in the dialysed preparations synthesis of cholesterol was always 
greater in the treated than in the control preparations (Fig. 10). Further- 
more, when glycogen was added to the treated 8,,, cholesterol synthesis 
was usually 2-3 times as great as that in the controls (Fig. 9). These 
observations suggest that the activity of the cholesterol-synthesizing 
enzymes per unit weight of tissue is increased in the treated preparations. 


SUMMARY 

|. When rats are given doses of thyroxine increasing from 10 to 
50 pg/day, there is a progressive fall in the concentration of glycogen and 
wdenosine triphosphate (ATP) in the liver. The fall in glycogen is asso- 
ciated with a depression of synthesis of fatty acids and cholesterol in the 
Si» fraction. 

2. The depression of cholesterol synthesis can usually be reversed 
by ATP; that of fatty acids can be partially reversed by ATP plus a 
generator of reduced triphosphopyridine nucleotide (TPNH). 

3. In Sy, fractions from treated rats endogenous and exogenous ATP 
disappears rapidly during incubation unless glycogen is added initially. 
If glycogen is added after the ATP has disappeared, ATP reappears. 
[t is concluded that glycogen is the main source of energy for the regenera- 
tion of ATP in the 8,, and that the fall in glycogen leads to a shortage of 
the ATP necessary for cholesterol and fatty acid synthesis. A moderate 
shortage of TPNH, sufficient to limit the synthesis of fatty acids but not 
of cholesterol, may also result from the fall in glycogen. 
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4. The optimal concentration of ATP for cholesterol synthesis in 


dialysed S,, preparations is less than the concentration of endogenous ATP 
in normal liver. For fatty acid synthesis the optimal concentration is 


greater than the concentration in norma) liver. 

5. It is pointed out that the fali in the ATP content of whole liver after 
thyroxine treatment might explain why cholesterol synthesis is increased, 
and why fatty acid synthesis is depressed, in slices from the livers of 
thyroxine-treated rats (Fletcher & Myant, 1958). 

6. The possibility that fatty acid and cholesterol synthesis are inter- 
dependent in the whole cell is also discussed. It is shown that this could 
lead to an increase in cholesterol synthesis when fatty acid synthesis is 
limited by a shortage of ATP. 
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SOME FACTORS CONCERNED IN DIFFERENTIAL NERVE 
BLOCK BY LOCAL ANAESTHETICS 
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and the Institute of Neurology, National Hospital for Nervous 
Diseases, Queen Square, London, W.C. 1 


(Re ceived 6 Fe bruary 1961) 


The differential blocking of nerve fibres of different sizes by local anaes 
thetics was first investigated by Gasser & Erlanger (1929), They found 
that within the A fibre group of nerves of the frog and the dog, cocaine 
blocks fibres of smaller diameter and slower conduction rate before larger 
fibres; but as they found that ‘blocking of some of the fast fibres occurs 
before the slow ones’, they were unable to formulate a satisfactory theory 
to account for all the facts they observed. 

The subject was re-investigated by Heinbecker, Bishop & O’ Leary (1934) 
using procaine; and they also found that ‘blocking is not complete in the 
slower somatic group before definite depression, from 30 to 50%, is also 
present in the faster groups’. They concluded ‘that the order of depression 
of the fibres is in general in the inverse order of the diameter of the fibres, 
but that other factors may be involved, such as the character of the axon 
and the thickness of the myelin sheath’. Leksell (1945) found that etho- 
caine (procaine) has a greater effect on the gamma fibres than on the alpha 
fibres of the anterior roots, and it was later found by Matthews and Rush- 
worth (1957) that procaine blocks gamma fibres before alpha fibres. On 
the other hand, Everett & Goodsell (1952) stated that C fibres or ‘small 
slow nerve fibres’ are not more sensitive to procaine than ‘the large fast A 
fibres’, and Everett & Toman (1954) found that ‘A and C groups’ were 
often blocked at the same time. 

Apart from considerations of fibre size and of the presence or absence of 
myelination, it has often been stated that sensory nerve fibres are more sus- 


ceptible to the action of local anaesthetics than motor fibres. MacIntosh 


(1957), for instance, states: ‘It is well known that in local and spinal 
analgesia, sensory nerve fibres are affected before motor.’ This view seems 
to be based on early observations, such as those of Dixon (1905), that 
cocaine applied to a nerve supplying a muscle blocks reflex contractions 
before it blocks contractions due to electrical stimulation of the nerve. 
Recent work by Matthews & Rushworth (1957), however, has provided an 
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alternative explanation ; for it now seems probable that the disappearance 
of the reflex effects is due to selective blocking of the small motor (gamma) 
fibres, while the contraction due to nerve stimulation remains as long as 
the alpha fibres remain unblocked. 

The present paper reports observations on the effects of local anaes- 


thetics on conduction in fibres of the spinal roots; on the order of block 
within the A group of fibres; and on the order of block of the non-mye- 
linated fibres compared to the myelinated. Further, it elucidates some of 
the factors giving rise to differential blocking ; and it proposes an explana- 
tion of the inconsistency concerning blocking of fibres of different sizes. 


METHODS 


The methods are essentially the same as those given in a previous paper (Nathan & Sears, 
1960a). The experiments were performed on a total of 22 cats, anaesthetized with Nembutal 
(pentobarbitone, Abbott Laboratories; 35-40 mg/kg) given by intra »eritoneal injection. 
In all the experiments the local anaesthetics were applied to the nerve roots. The lumbo- 
sacral roots and various nerves of the hind limb and tail were made available for stimulation 
or for recording. For studying the effects of the anaesthetics on the A fibres of the posterior 
roots the stimulating electrodes were applied to the roots and the recording was made from 
the peripheral nerve; as the peripheral nerves were divided distally, this recording of anti- 
dromic conduction produced records free from spontaneous afferent impulses without the 
need of widespread de-afferentation. In experiments on anterior roots both orthodromic and 
antidromic conduction were used. For studying the effects of anaesthetics on the C fibres, 
the limb-nerve preparations were unsuitable, owing to the excessive temporal dispersion of 
the impulses over the conduction distances encountered. It was found that the roots inner- 
vating the tail formed a suitable preparation. The laminectomy was continued to the proxi 
ral vertebrae of the tail, which exposed suitable lengths of roots ensheathed by dura mater. 
rhe roots were divided distally close to their intervertebral foramina and were placed on 
stimulating electrodes; the corresponding posterior roots were cut close to the spinal cord, 
passed through the chamber (described below), and placed on recording electrodes. In this 
preparation the conduction distance is shorter than in the limb-nerve spinal root preparation, 
and as stimulation and recording is from the same root, divided at each end, the recording is 
free from spontaneous afferent impulses from the periphery. 

rhe stimulating and recording methods were the same as those used previously, except 
that square-wave voltage pulses were used for stimulating the C fibres, whereas previously 
condenser discharges had been used. The stimulator output was fed through a four-position 
selector switch to one of four separate potentiometers. At the beginning of an experiment 
each potentiometer could be adjusted to provide a stimulus, the intensity of which was 
adequate to excite only large fibres or both large and small fibres, according to the require- 
ments of the experiment. It was thus possible during an experiment to select quickly a 
pre-set stimulus intensity which was known only to excite fibres of a given conduction rate; 
this procedure allowed a comparison to be made between the selective activation of the 
fibre group by electrical stimulation and the degree of differential blocking caused by the 
local anaesthetic. In all experiments the stimulus repetition interva] was 1 sec. 

In designing a chamber for the application of the solutions the ability of the impulse to 
‘hurdle’ two or three inactive nodes was taken into account. According to Visozo & Young 
(1948) the longest internode of mammalian fibres is 1-5 mm. The internal diameter of the 
chamber used was 8 mm; and therefore it contained at least 5 nodes of the largest fibres. 
The chamber, made of Perspex, is illustrated in Fig. 1. Its cubic capacity is 1 ml. The 
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filament of nerve root was passed through the holes on either side of the chamber; this was 
carried out by tying a thread of fine silk to the cut end of the filament, threading the silk 
through a fine needle, and passing the needle through the holes in the chamber. The chamber 
was then placed deep in the trough formed by the laminectomy, in such a position that the 
hole on one side of the chamber was close to the region where the root passes through the 
dura mater. The silk was then gently pulled so as to draw as great a length as possible of the 
root through the chamber, without causing it to be kinked or pressed on; low-power magni- 
fication was used to control this procedure. The circular channel of the chamber was then 
packed with soft wax, which was firmly pressed round the nerve root, so as to make the 
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Fig. 1. Elevation and plan views of Perspex chambers; c, channel—shaded part is 
the part filled with Perspex cement; n, filament of nerve root passing through 
chamber; 8, supporting rod. 


junction between the hole and the root watertight. The wax was made from a mixture of 
paraffin wax (m.p. 56° C) and white soft paraffin, melted, mixed together, and allowed to 
cool. The proximal end of the root was placed on platinum electrodes supported near the 
chamber. If sampling then showed that the preparation was satisfactory for displaying both 
the fast-conducting and slowly-conducting fibres (which is not always the case), the entire 
trough formed by the laminectomy was covered by paraffin oil equilibrated with oxygen and 
carbon dioxide. The Perspex chamber which projected above the level of the paraffin oil was 
filled with Ringer—Locke solution. 

The local anaesthetics used were cocaine, procaine and lignocaine. They were dissolved 
either in Ringer—Locke solution or in a modified Krebs-Henseleit solution. The Ringer— 
Locke solution had the following composition (mm): NaCl, 145; KCl, 5-7; CaCl,, 2-2; 
NaHCo,, 2-1; glucose, 5-5. The Krebs—Henseleit solution was closely similar to that modified 
by Diamond, Gray & Inman (1958), and had the following composition (mm): NaCl, 145; 
CaCl,, 2-5; MgSO,, 1-2; KH,PO,, 0-58; K,HPO,, 2-5; glucose, 5-5. This solution differed from 
that of Diamond et al. in that no HCl was added to it. The reason for using this solution 
was that some of the experiments reported here were done in conjunction with experiments 
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on the differential blocking induced by sodium-deficient solutions (Nathan & Sears, 19605) 
The pH of the solutions was tested on a pH meter and was found to lie between 7 and 7-4 
Before use they were equilibrated with 5 % CO, and 95%, O,. 

Ihe nomenclature used here for labelling the fibre groups combines various current 
usages. Thus, following Erlanger & Gasser (1937), the A fibres conducting at 80-120 m/sec 
are called alpha fibres, those conducting from 60 to 80 m/sec are called beta, those con 


ducting from 40 to 60 m/sec are called gamma, and those conducting at rates of less than 


40 m/sec are called delta. The term 
lumbosacral roots refers to the alpha and beta fibres, such as those supplying the extrafusal 


‘fast-conducting’ applied to the nerve fibres of the 


f the anterior root are referred to in the literature as either 


muscle fibres. The small fibres of 
the small-fibre groups or as the gamma group. Here they will be called the gamma-delta 


fibres, because their conduction rates were found to be between 15 and 50 m/sec, with a peak 


This sarne range was found by Kuffler, Hunt & Quilliam (1951). In the tail 


ting fibres were found to be in the gamma range. 


at 30 m sec 


nerve preparation the fastest condu 


RESULTS 


Dri ffe ré ntial rate of blocking of fibre groups 


When local anaesthetics are applied to spinal roots, the constituent 
nerve fibres are blocked at times which are related to their conduction 
rates ; yet some of the faster-conducting fibres are blocked at the same time 


as some more slowly-conducting fibres. This form of differential blocking 
was found in all experiments when the concentration of anaesthetic was 
A typical experiment showing this form of differential 


O-1° or higher 
Fig. 2. Procaine 0-1°, in modified Krebs 


blocking is illustrated in 
Henseleit solution was applied to the first sacral posterior root; the root 
was stimulated and the recording was made from the sciatic nerve. The 
conduction rate of the fibres (measured to the peaks of the waves) was 
80 m see for the alpha group, 65 m/sec for the beta group, and 12-19 m 
sec for the delta group. The records on the left display the action potentials 
of the fast-conducting fibres, and those on the right display the action 
potentials of the slowly-conducting fibres. The latter consist of 10 super 
imposed sweeps: 5 sweeps were recorded at a stimulus intensity which, 
before the application of the procaine, had been adjusted to be below 
threshold for the delta group; the other 5 sweeps were recorded at a 
stimulus intensity giving a maximal response of this group of fibres. 
Within 45 sec of filling the chamber with 0-1°, procaine in modified 
Krebs-Henseleit solution the wave of the delta group was considerably 
reduced. The height of the alpha spike at this time was diminished by 
4°,; the beta wave, which in the control record appears as the notch in 
the descending phase of the alpha spike, was diminished by 20%, of the 
original height of the notch on the alpha spike. By 2 min 15 sec the delta 
wave had gone, to the extent that the record was barely distinguishable 
from that obtained with the stimulus intensity set below threshold for 
these small fibres; at this time the alpha spike was reduced by 8°. The 
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fall-out of the delta wave can also be seen in the records taken at low 
amplification. At 4 min 45 sec the alpha spike was reduced by 24 % of its 
original height and at 6 min 45 sec by 40%. 

This experiment demonstrates that at a time when all the slowly-con- 
ducting fibres were blocked a proportion of the fast-conducting fibres was 


[2 mv [200 wv 


Fig. 2. Effect of 0-1% procaine in modified Krebs-Henseleit solution on con- 
duction in A fibres. Left-hand column, low amplification, to show fast-conducting 
fibres (alpha-beta), 5 sweeps superimposed. Right-hand column, high amplifica- 
tion, to show slowly-conducting fibres (delta), 10 sweeps superimposed; 5 of the 
sweeps made with stimulus intensity below threshold for slowly-conducting fibres. 
Records at the two different amplifications were made one immediately after the 
other; the time stated is that of the middle of the recording period. a, before 
application of procaine; b, c, d, e, 45 sec, 2 min 15 sec, 4 min 45 sec, 6 min 45 sec 


after application. Time marker, 1 and 5 msec intervals. 


still conducting; it also shows that some of the fast-conducting fibres were 
blocked early, although subsequently the rate of blocking of this group 
was slower than that of the slowly-conducting fibres. This form of dif- 
ferential blocking, in which one or more groups of fibres tend to be blocked 
more rapidly than others and in which eventually all fibres are blocked, we 
shall refer to as differential rate of blocking. 
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It is of interest to note that when local anaesthetics are applied to spinal 
roots blocking of some of the fibres occurs just as quickly as it does when 
anaesthetics are applied to isolated single nerve fibres or to de-sheathed 
peripheral nerves, that is, within seconds of applying the solution. 


[2mv {200 xv 
ae i 
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Fig. 3. Effect of 0-5% procaine in modified Krebs—Henseleit solution on conduc- 
tion in A fibres. Left-hand, low amplification, 5 sweeps superimposed. Right-hand, 


high amplification, 5 sweeps below threshold, 5 sweeps maximal for delta fibres. 


a, before application of procaine; 6, 5-10 sec; c, 1 min 5 sec; d, e, 1 min 55 sec, 


3 min after application. Time marker, | and 5 msec intervals. 


The effect of applying a higher concentration is shown by the experi- 
ment illustrated in Fig. 3. Procaine 0-5% in modified Krebs—Henseleit 
solution was applied to the same root as was used for the experiment 
illustrated in Fig. 2. By comparing Figs. 2 and 3 it is seen that 5-10 sec 
after applying this higher concentration of anaesthetic the delta wave was 
reduced by an amount similar to that occurring 45 sec after applying the 
weaker concentration. The alpha wave in Fig. 3, recorded within the next 
5 sec, had already fallen by 12%. The record taken at 1 min, with the 
higher concentration of anaesthetic, showed no trace of the delta wave, 
while the alpha wave, recorded a few seconds later, showed a reduction 
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of 46 % of its original height. At 1 min 55 sec the alpha wave was reduced 
by 74% and by 3 min only a trace of it remained. It can be seen that, at a 
time when the height of the delta wave was reduced by similar amounts in 
the two experiments, with the low concentration of anaesthetic the reduc- 
tion in the alpha wave was 4%, and with the high concentration it was 
12%. And when in both experiments the delta wave had gone, with the 
low concentration the reduction in the alpha wave was 8% and with the 
high concentration it was 46°. It is concluded from these two experi- 
ments and 11 others (9 with procaine and 2 with cocaine), in which the 
differential effect of two different concentrations of the same anaesthetic 
was examined on the same root, that the greatest degree of differential 
blocking occurs with weaker solutions. 

In one respect the results obtained from applying the anaesthetics to 
spinal roots seem to differ from those observed when they are applied to 
peripheral nerves. Those working on peripheral nerves, for instance 
Matthews & Rushworth (1957), observed soon after the application of the 
anaesthetic a temporary phase during which there was blocking of most 
of the small fibres without blocking of many of the large fibres; this phase 
was followed eventually by blocking of all the large fibres. It was in this 
sense that Gasser & Erlanger (1929) stated ‘small fibres were blocked 
before large ones’. But when the anaesthetic is applied to spinal roots, 


blocking of some large and of some small fibres occurs early and simul- 
taneously, although subsequently the blocking of the fibres as a group still 


occurs at a differential rate. 


Absolute differential blocking of fibre groups 

M yelinated fibres. The question next arises whether there are concentra- 
tions of anaesthetics that will selectively block all small fibres without 
blocking the larger fibres. The effects of applying a low concentration of 
anaesthetic to an anterior root and then increasing the concentration are 
illustrated in Fig. 4. The nerve to the hamstrings was stimulated, and 
recording was made from the first sacral anterior root. The conduction 
rates of the fast-conducting fibres was 70 m/sec (measured to the peek) and 
of the slowly-conducting fibres was from 18 to 35 m/sec. The first con- 
centration of procaine in modified Krebs—Henseleit solution applied was 
0-03 %. After this solution had surrounded the root for 21 min, the wave 
due to the slowly-conducting fibres was slightly modified in form and 
both its components showed some reduction in height; the latency to the 
foot of the wave was increased by 0-2—0-3 msec. After 22 min this solution 
wes replaced by a 0-04 % solution. After this solution had been applied for 
18 min, with no further changes of the slowly-conducted wave and no effect 
on the fast-conducted wave, it was replaced by a 0-05°%, solution. After 
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this solution had surrounded the root for 15 min the height of the wave 
of the fast-conducting fibres still remained undiminished; there was a 
further slight alteration in form of the slowly-conducted wave and a 
further increase in its latency, but it may be seen that the majority of the 
fibres of this group were still conducting. When this solution was replaced 
2 min later by a 0-06 °%, solution of procaine there was a rapid decrease in 


Oo 


Effect of 0-03, 0-05 and 0-06 % procaine in modified Krebs-Henseleit solu 
m conduction in A fibres. Each record consists of 5 superimposed sweeps 
ore application of procaine; 6, 21 min after application of 0-03 % procaine; 
, 15 min after application of 0-05 %, procaine; d, 19 min after application of 0-06 % 
procaine; ¢, 62 min after application of 0-06 % procaine (120 min after application 


of the first procaine solution). Time marker | and 5 maec intervals. 


amplitude of the slowly-conducted wave. Nineteen minutes after applying 
the 0-06 °, solution only a trace of this wave was seen, whereas the fast- 
conducted wave remained unaltered. At the final observation, made 
62 min after the application of the 0-06 °% solution (120 min after the start 


of the experiment), there was no change in the fast-conducted wave; but 


all trace of the slowly-conducted wave had gone. 
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In this series of experiments, the concentration of the anaesthetic must 
have been adequate throughout the root to block all the smaller mye- 
linated fibres present; yet such a concentration has failed to block the 
larger fibres. This form of differential blocking we shall refer to as absolute 
differential blocking. 

The concentrations of anaesthetic that give absolute differential block 
ing of the gamma-delta group while leaving the alpha-beta group un 
affected have been found to be fairly constant. The exact concentration, 
however, differs according to whether the solvent is Ringer—Locke 
solution or modified Krebs-Henseleit solution. The former solution behaves 
as if there is more procaine base available, which may be due to small 
differences in the pH of the two solutions. With regard to the concentrations 
needed to block the small fibres of the anterior roots without blocking 
the large fibres, it has been found that procaine at a concentration of 
0-01 °% in either solution has no effect on conduction of either group of 


0 


fibres. At a concentration of 0-02 ° slowing in the conduction rate of the 


gamma-delta group is seen, but there is no reduction in the amplitude of 


the action potential; there is no effect on conduction of the alpha-beta 
group. Procaine in Krebs-Henseleit solution at concentrations of 0-03 
0-06 °%, causes progressively increasing slowing in conduction rate com 
bined with blocking of the fibres of the gamma-delta group, the 0-06 % 
solution blocking all fibres of this group. These concentrations have no 
effect on the alpa-beta fibres. The corresponding concentrations of pro 
caine in Ringer-Locke solution for blocking the gamma-delta group with 
out affecting the alpha-beta group was found to be 0-04 °%, to 0-05 % 

When concentrations of anaesthetic are used that are just critical for a 
given group of fibres, following removal of the anaesthetic solution, re 
covery of conduction is rapid. For instance, in the experiment illustrated 
in Fig. 4, even though the small fibres had been blocked for 60 min, a pro- 
portion of them recovered within 2 min of replacing the anaesthetic by 
modified Krebs-Henseleit solution. 

To determine the concentration of anaesthetic that is critical for 
blocking smaller delta fibres, experiments were done on the tail-nerve 
preparation; in these roots there is a group of delta fibres with a slower 
conduction rate than that of the delta fibres of the lumbar and first 
sacral anterior roots. An experiment typical of this series is illustrated in 
the left-hand column of Fig. 5. The conduction rate of the slowly-conducting 
group of delta fibres was 9-6-11-6 m/sec; the wave due to this group is seen 
as the large wave rising from the downstroke of the wave due to the fast 
conducting fibres, the peak of which is off the record. Procaine 0-01 %, 
in Ringer—Locke solution was applied. Within 2 min 40 sec the height of 
this wave had diminished by about 50°; by 18 min the wave had gone. 
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Thus this concentration of procaine was critical or supra-critical for this 
group of small delta fibres; it did not affect conduction in the fibres with 
conduction rates around 40 m/sec. From experiments performed before 
this series on the more slowly-conducting delta fibres it had already been 


Fig. 5. Effect of 0-01 and 0-02 % procaine in Ringer—Locke solution on conduction 
in delta fibres and C fibres: delta fibres on left, C fibres on right. Delta fibres’ com- 
ponent follows high-voltage spike of large fibres, which is off the trace at this arnpli- 
fication. Delta fibres record consists of 5 superimposed sweeps, C fibres record 
yonsists of single sweeps. a, before application of procaine; b, ¢ (left-hand column), 
2 min 40 sec, 18 min after application of 0-01% procaine; (right hand column), 
2 min, 19 min after application of 0-01 % procaine; d (both columns), 30 sec after 


application of 0-02, procaine. Time marker, 1, 5 and 20 msec intervals. 


found that this concentration of procaine has no effect on conduction in 
larger, faster-conducting fibres. 

Experiments on the tail-nerve preparation with cocaine gave similar 
results. It was possible to block all fibres with a conduction rate of 11— 
14 m/sec or less without blocking conduction of fibres conducting at rates 
around 40 m/sec. The concentration of cocaine that is just critical for these 
smaller fibres is 002° in Ringer—Locke solution; concentrations slightly 
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higher than this, block fibres with conduction rates between 30 and 
40 m/sec. 

Myelinated and C fibres. The next question which arises is whether 
there are critical concentrations for the C fibres that block their conduction 
without affecting the myelinated fibres of the A group. 

Before illustrating experiments that answer this question, mention must 
be made of the marked slowing of conduction rate that occurs in the C 
fibres with low concentrations of anaesthetics. This slowing in conduction 
rate is combined with blocking of many of the fibres. The combination of 
blocking and slowing in conduction rate causes an alteration in the form of 
the C fibres’ action potential, and this makes a quantitative estimation less 
reliable than in the case of the myelinated fibres. 

For the investigation of absolute differential blocking of C fibres, most 


experiments were done on the tail-nerve preparation; the concentrations 


of anaesthetic tested were those that we had found were critical for blocking 
conduction of the small myelinated fibres. 

The effects of a low concentration of anaesthetic on conduction in the 
C fibres is illustrated in the right-hand column of Fig. 5. In this experi 
ment, procaine 0-01 °% in Ringer—Locke solution was first applied and it 
was followed later by a 0-02 °%, solution. The slowing of conduction rate 
of the C fibres can be seen: in the control records, the latency to the peak 
of the C fibres wave was 49 msec; after the root had been 2 min in procaine 
0-01 °, it was 55 msec, and after 19 min, it was 64 msec. This slowing in 
conduction rate was associated with blocking of a large proportion of the 
fibres, as judged by the area of the wave. Increasing the concentration of 
procaine from 0-01 to 0-02 °% caused complete block of all the C fibres. 

To compare the concentrations of anaesthetic that are critical for C 
fibres and critical for small myelinated fibres, one may compare the records 
in the right- and left-hand columns of Fig. 5, for they are a typical example. 
It will be seen that procaine 0-01 ° in Ringer—Locke solution blocked 
delta fibres with a conduction rate of 9-6—11-6 m/sec, and slowed con- 
duction and blocked a large proportion of the C fibres. Most of the fibres 
of these two groups were blocked simultaneously. Doubling the concen- 
tration of procaine rapidly blocked the rest of the C fibres. 

It was concluded from this and other experiments of the same type that 
concentrations of anaesthetic just sufficient to block the C fibres also block 
small delta fibres; but they are insufficient to block the larger delta fibres, 
or the gamma, beta or alpha fibres. The concentrations found that caused 
this absolute differential blocking were 0-01° for both procaine and 
cocaine in Ringer—Locke solution. 

In all experiments on the small myelinated and the C fibres it was found 
that the smallest, most slowly-conducting delta fibres present in the tail- 
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nerve preparation were blocked more rapidly than the C fibres. An experi- 
ment demonstrating this is illustrated in Fig. 6. In this tail-nerve pre- 
paration there were two groups of fibres with conduction rates in the delta 
range; their rates were 9-10 and 5—5-5 m/sec. They are seen as the two 
waves in the centre and later parts of the sweep following the wave due to 
the large fibres, the peak of which is off the record. The record made 3 min 
50 sec after the application of procaine 0-01 % ir: modified Krebs-Henseleit 














Fig. 6. Effect of 0-01°%, procaine in modified Krebs—Henseleit solution on con 
duction in two groups of delta fibres and C fibres; delta fibres on left side, C fibres 
on right. Delta fibres record consists of 5 superimposed sweeps, U fibres record 
consists of single sweeps. a, before application of procaine; 6, c, 3 min 50 sec, 


5 min after application of procaine. Time marker, 1, 5 and 20 msec intervals. 


solution shows all but complete obliteration of the wave of the most 
slowly-conducting delta fibres; it was abolished completely 5 min after 
application of the solution. By this time, the C fibres’ action potential had 
been slightly altered in form and its latency increased from 47 to 53 msec. 
When the concentration of the procaine was increased to 0-02°%%, the C 
fibres’ action potential was rapidly abolished. 

From such experiments it is seen that the generally accepted view of 
small fibres being blocked before large does not apply to a comparison 
between C fibres and the smallest myelinated fibres. For the smallest 
delta fibres are blocked with lower concentrations of anaesthetic than the 
C fibres; and when concentrations of anaesthetics adequate to block both 
groups are applied, the smallest delta fibres are blocked first. 

It should be added that as the C fibres of the spinal roots are half the 
diameter of C fibres peripheral to the posterior root ganglia (Gasser, 1955), 
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it may well be that C fibres of peripheral nerves are not blocked with the 
same concentrations of anaesthetic and not in the same order with regard 
to the small myelinated fibres as the C fibres studied here. It may be that 
in peripheral nerves they are blocked simultaneously with larger delta 
fibres than those shown here and that they require higher concentrations of 


anaesthetic to block them. 


DISCUSSION 

We have found, like most investigators of this problem, that small 
myelinated fibres are more susceptible to the action of local anaesthetics 
than large; this is manifest as a differential rate of blocking of the fibres. 
But we find that this order of blocking holds only within the group of A 
fibres. Non-myelinated fibres are not the most susceptible of all fibres to 
the action of local anaesthetics; the smallest fibres of the A group are 
blocked earlier and with lower concentrations of anaesthetic than the C 
fibres. It has been established in addition that there are critical concen- 
trations of local anaesthetics that block conduction in fibres of one size 
while leaving fibres of larger size still conducting. This form of selective 
blocking we have called absolute differential blocking. 

The disclosure of absolute differential blocking may be attributed 
to two factors, the application of the anaesthetic directly to the spinal 
roots and the use of low concentrations of anaesthetic. The absence of 
significant barriers to diffusion in the spinal roots allows the concentration 
of anaesthetic to become uniform fairly rapidly throughout the root. 

The fact that some of the large fibres are blocked at the same time as the 
small fibres has been interpreted by various workers as indicating that 
myelinated fibres do not fall out on a fibre-size basis. In peripheral nerves, 
on which most previous work was done, the sheath is known to act as a 
barrier to diffusion. As the concentration of anaesthetic within the sheath 
rises small fibres would be blocked before large; but as the concentration 
of anaesthetics used by previous workers, including ourselves (Nathan & 
Sears, 1957), have been ‘supra-critical’ for all groups of fibres, the larger 
fibres would eventually also be blocked; though at any time a large pro- 
portion of smaller fibres and a small proportion of larger fibres would be 
blocked. That is the situation of differential rate of blocking. Further, 
local variations in the concentration of anaesthetic within the sheath, due 
to differences in the diffusion pathway for different nerve bundles, and 
also to the possibility of local damage to the sheath during the preparation 
of peripheral nerves, would also lead to blocking of some large fibres before 
all the small ones were blocked. 

It is well known that during recovery from the effects of a local anaes- 


thetic the small fibres recover last and the large fibres first. The fact that 
37-2 
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this order is the reverse of that for blocking fibre groups constituted the 
final argument for Gasser & Erlanger (1929), that a hypothesis of dif- 
ferential blocking based on chemical combination of the anaesthetic with 
the protoplasm of the fibres is untenable; for, to quote their words, ‘since 
the surface per unit volume increases directly as the diameter decreases, the 
smaller the fibre the greater the accessibility’, and this would lead to small 
fibres being both blocked and unblocked before large. The fact of there 
being different blocking concentrations of anaesthetic for the different 
sizes of fibres explains the order of recovery; for when the anaesthetic is 
diluted a subcritical concentration for the large fibres is achieved before 
that for the small. 

It is necessary now to relate what is known of the mechanism of the 
action of anaesthetics on conduction to the differences in structure and 
function of the different groups of fibres. The effect of a local anaesthetic 
on a single myelinated fibre of the toad, as shown by Tasaki (1953), is to 
reduce the amplitude of the action current. In whole nerves or roots this 
diminution in current would be manifest as a reduction in the amplitude 
of the externally recorded compound action potential. This in fact was 
found by Kato (1924) and by Davis, Forbes, Brunswick & Hopkins (1926), 
who showed that impulses being propagated through a region of uniformly 
narcotized nerve do so at diminished amplitude. The mechanism of the 
reduction in action current by the local anaesthetic has been attributed, 
in the giant squid axon, to a reduction in the number of sodium carriers 
(Shanes, Freygang, Grundfest & Amatniek, 1959; Taylor, 1959), and in 
Purkinje muscle fibres to inactivation of the sodium carrier at high mem 
brane potential (Weidmann, 1955). It would seem reasonable to assume 
that the electrical properties of the membrane of small and large mye 
linated fibres are the same; and that under the action of a given con 
centration of local anaesthetic the action current developed per unit of 
membrane would be reduced by the same amount. This would mean that 
whatever possible differences exist between the local circuits of small and 
of large fibres, due to the different internodal resistances and to the 
different areas of nodal membrane developing action current, a local 
anaesthetic would produce the same proportionate reduction in the total 
nodal action current. The fact of absolute differential blocking with 
critical concentrations thus suggests that the ratio of the action current 


developed to that necessary for propagation is different in fibres of 
the safety factor—was measured by Tasaki 


different sizes. This ratio 
(1953) in large single myelinated fibres of the toad. We know of no figures 
for the safety factor of smaller toad nerves nor of small or large mammalian 
fibres. 

The experiments carried out to investigate differential blocking between 
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C fibres and A fibres showed that, with low concentrations of anaesthetics, 
the myelinated fibres conducting at rates of approximately 10 m/sec were 
blocked simultaneously with the C fibres; with still lower concentrations, 
the very smallest myelinated fibres were blocked at a time when a large 
proportion of the C fibres was still conducting, although their conduction 
rate was slowed. These observations on the fibres of the cat’s spinal roots 
do not support the usual view that the C fibres are the most susceptible to 
the action of local anaesthetics. Attempts to correlate the sensory 
dissociation found on injection of anaesthetics in low concentrations in 
man with the differential blocking of fibre groups will need some re- 


assessment. 

In a review of the action of local anaesthetics Toman (1952) reported 
that in experiments on the rabbit’s vagus ‘a 1 mm solution of procaine 
depresses A fibres first and C fibres last’. Everett & Toman (1954) con- 
cluded that such results ‘do not support the older concepts of nerve block 
based on fibre size’. In the experiment on the rabbit’s vagus, quoted by 
Toman, the comparison is being made between A and B fibres; yet it is 


known that these somatic and autonomic myelinated fibres show certain 
different electrical properties (Grundfest, 1939). Further, when com- 
parisons are made between myelinated and C fibres, one is comparing the 
effects of anaesthetics on two different modes of conduction, on saltatory 
and continuous conduction ; it might be expected that anaesthetics would 
affect them differently. When a comparison is made of fibres having the 
same electrical properties end the same mode of conduction, it is found that 
anaesthetics affect the fibres as though they are a continuous series 
differing only in size. 
SUMMARY 

1. The effects of local anaesthetics on conduction in myelinated and 
non-myelinated fibres of the spinal roots of the cat have been studied. 

2. Different concentrations of anaesthetic are required to block con- 
duction in fibres of different sizes; the concentration necessary to block 
small fibres was found to be lower than that necessary to block large fibres. 

3. Differential rate of blocking of fibre groups was obtained when the 
concentration of anaesthetic exceeded that necessary for blocking all fibres 
present. 

4. The minimum concentration of anaesthetic for blocking non-mye- 
linated fibres was found also to block the smaller myelinated fibres. 

5. Still lower concentrations of anaesthetic blocked the very smallest 
myelinated fibres without blocking the group of non-myelinated fibres. 


We take this opportunity of thanking Drs E. A. Carmichael and W. A. Cobb for facilities 


to do this work and for their help. 
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THE BASIS FOR SILVER STAINING OF SYNAPSES OF THE 
MAMMALIAN SPINAL CORD: A LIGHT AND ELECTRON 
MICROSCOPE STUDY 


By E. G. GRAY anv R. W. GUILLERY 


From the Department of Anatomy, University College London 
(Received 10 February 1961) 
Neurofibrillae have been known to anatomists for many years (Schultze, 


1862, 1871; Fromann, 1864). They can be stained by silver methods and 
often occur in axons, dendrites and nerve cell bodies. Also in some regions 


they mark the terminal parts of axons, where they form characteristic 


rings, clubs and reticulated structures, the classical ‘boutons terminaux’ 
(Cajal, 1911; Bartelmez & Hoerr, 1933; Bodian, 1937). Neurofilaments, 
fine osmiophilic threads 60—-100A in diameter, have been described in 
electron micrographs by Schmitt & Green (1950), Fernandez-Moran (1954), 
de Robertis & Bennet (1955) and Palay & Palade (1955). These authors 
have suggested that the neurofilaments form the basis of the neurofibrillae 
of light microscopists. 

soycott, Gray & Guillery (1960, 1961) have recently described neuro 
filamentous rings in the terminal bags in certain parts of the lizard brain, 
where neurofibrillar rings are found in great numbers. The present in 
vestigation was undertaken to determine whether similar neurofilamentous 
structures occur in the mammalian spinal cord, where the classical boutons 
are also plentiful. In addition, blocks stained with silver for terminal 
boutons by the classical methods of light microscopists have been examined 
by electron microscopy to determine whether silver is deposited on the 
neurofilaments and whether any other synaptic structures take up silver 
when such methods are used. 

The presence of neurofilamentous rings in boutons was readily confirmed. 
The second question proved more difficult to answer, for it was impossible 
to obtain suitably fixed material for electron microscopy showing both 
neurofilaments and silver deposits in the same preparation. However, by 
a process of elimination other organelles could be excluded, leaving little 
doubt that, in the preparations used, the neurofilaments are in fact 
responsible for the silver deposits. 
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METHODS 


Several difficulties were encountered. Obtaining good fixation of spinal cord for electron 
microscopy was found to be a major problem. Perfusion techniques and thin slicing of 
frozen cord before immersion in fixative both proved unsatisfactory. The method (6) described 
below was finally adopted, but it entails the risk of mechanical damage. Another difficulty 
was to obtain silver-stained material sufficiently well fixed for electron microscopy. The 
ideal method, silver staining of osmium-fixed material, proved impossible. Method (c) 
(below) proved the most effective, although it will be seen that the electron micrographs of 
this material are much inferior to those obtained by conventional methods of osmium 
fixation 

Light microscopy. (a) Cats and rats were perfused with formol saline and the cords were 
stored in formol saline for 10 days. Blocks about 5-7 mm across were then impregnated by 
Bielschowsky’s pyridine block method (see Romeis, 1948). A part of each block was then 
cut as frozen sections and the rernainder of those blocks that showed successful impregnation 
were cut in two. One part was embedded in paraffin for light microscopy, and the other used 
for electron microscopy (see c). Other blocks were prepared by the block silver method of 
Cajel (see Wyckoff & Young, 1956) for light microscopy only. 

Electron microscopy. (b) Slices of rat and cat cord were placed in 1% osmium tetroxide 

i: saline, buffered at pH 7-4 with veronal acetate. The slices were immediately chopped into 
very small pieces (preferably less than 0-3 mm thick in any direction) with a razor blade. 
They were transferred to fresh fixative and maintained for 3 hr with continuous agitation 
st approximately 4° C. Ethanol was used for dehydration, followed by staining for 3 hr in 
l phosphotungstic acid (PTA) in absolute alcohol. The pieces were finally embedded in 
Araldite for sectioning (see Gray, 1959) 

rhe Bielschowsky material (see a) was cut into 0-2 mm slices to ensure good penetra 
‘f the stain and subsequently of the embedding medium. They were prepared for 
electron microscopy by ethanol dehydration and PTA staining and were embedded in 


Araldite (see 5) 


RESULTS 
Electron microscopy of osmium-fixed material 

The electron micrographs of the cat’s spinal cord showed a number of 
terminal bags in which neurofilaments could be clearly observed (Text- 
fiz. 1; Pl. 1; Pl. 2, fig. 1: Pl. 3. fig. 2). The terminal bags could be identified 
by their characteristic synaptic vesicles, about 500A in diameter, mito- 
chondria and localized thickenings of the synaptic membranes. As far as 
can be determined by present techniques the neurofilaments of the terminal 
bag are structurally identical with the filaments that can be observed in 
myelinated axons (PI. 1, nf,), neuronal perikarya (see Palay & Palade, 
1955) and some dendrites. Twenty to forty filaments are usually seen 
forming a bundle near the periphery of the synaptic bag. The cytoplasm 
containing the individual filaments is characteristically pale and free from 


synaptic vesicles. The bundles usually appear as profiles that can best be 


regarded as sections of rings or loops of filaments cut in various planes. 
A group of mitochondria occurs characteristically within the ring. Thus 
Pl. 1 shows most of the ring included in the section, whereas PI. 3, fig. 2, 
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shows a ring cut radially and represented as two groups of dots, each dot 
being a sectioned filament. 

Structurally these neurofilamentous rings are similar to the rings 
described in the lizard brain (Boycott et al. 1961) and it is reasonable to 


(a) 
Light microscopy 
silver preparation 


Neurofilaments 
(b) \ / Mitochondrion Neurofilaments 


Synaptic J _ 


—- 
4 
i 


Oz 
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Electron microscopy 
conventional osmium 


_ vesicles 
preparation Y 


Endoplasmic 


/, 
a / reticulum 


] 


= : A A 


(c) 
Electron microscopy 
silver preparation 


Text-fig. 1. Diagrams of spinal cord synapses. In (a) ring-shaped, club-shaped 
(solid) and reticulated boutons are seen in silver preparations by light microscopy. 
The arrow indicates a ring bouton selected for illustration in (6) and (c) by electron 


mucroscopy. 


suppose that in both situations the neurcfilamente (or the pale cytoplasm 
in which they lie) take up silver stains to give the characteristic picture 
of ring-shaped terminal boutons (PI. 5, fig. 1). Occasionally the filaments 
form an irregular network within the terminal bag (PI. 2, fig. 1). It is 
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probable that such structures would appear as the reticulated or club 
shaped endings of light microscopists (Text-fig. 1; Pl. 5, fig. 1) 

The rat material that has been examined showed fewer neurofilaments 
in the terminal bags. Occasional endings with filaments could be found 
Pl. 2, fig. 2). The pale cytoplasm (pc) around the filaments is clearly 
shown, but the number of filaments is markedly lower than that shown 
in the cat material. These observations by electron microscopy support 
the findings by light microscopy that silver preparations of rat cord 
generally show fewer rings than do similar preparations of cat cord (Phalen 


& Dav enport, 1937) 


Electron microscopy of silver-stained material 


Silver preparations of spinal cord seen with the light microscope show 
the well known annular, club or reticulated boutons (Text-fig. 1). Plate 4, 
fig, 2, and PI. 5, fig. 1, are taken from a block Cajal preparation, and show 
these structures clearly. The Bielschowsky material generally showed the 
boutons less intensely impregnated, but the morphology of the boutons 
was the same. In both types of silver preparation only some of the boutons 
appear continuous with the neurofibrillae of the preterminal axons. The 
cell bodies contain pale nuclei and these are surrounded by coarse or fine 


neuro-fibrillar aggregates (Pl. 5, figs. 1 and 2), which sometimes extend 
into the basal region of the dendrites. 

Examination of ultra-thin sections of this silver-stained material by 
electron microscopy presents a quite different picture because (a) of greatly 
increased magnification and (6) many structures that are invisible by light 
microscopy can be observed because of their electron dense properties 
Plate 4, fig. 1, is a low power electron micrograph of silver-stained material 
Membrane structures are seen to be poorly preserved, but comparison with 
micrographs of the conventional osmium-fixed material (see above) makes 
the general organization readily understandable. In PI. 4, fig. 1, the 
neuronal fibre plexus is seen (above) with a part of the perikaryon of a 
large ventral horn neurone with a row of boutons ()) at its surface (below) 
Che silver deposits appear as dark strands or irregular masses that at 
higher magnifications (Pl. 3, fig. 1; Pl. 5, fig. 3) are seen to consist of 


discrete electron-dense particles, from 20-150 A in diameter. In the fibre 


plexus (Pl. 4, fig. 1, and PI. 3, figs. 1 and 3, at higher magnification) the 
silver can be clearly seen lying within the axoplasm and not in the myelin 
sheath (see Peters, 1955) 

There are only two commonly occurring organelles in osmium prepara- 
tions of myelinated axons of the spinal cord. They are the neurofilaments 
and the mitochondria (P!. 1, nf, and m,). In silver preparations the mito- 
chondria appear as vague dense bodies, but they can nevertheless be 
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identified by their cristae. They show no impregnation at all (Pl. 3, 
figs. 1, 3, and Pl. 4, fig. 1). It thus appears probable that the silver is 
deposited upon the only other common known differentiated part of the 


axon, the neurofilaments (compare Meyer, 1957). 

Observations on the nerve cell body confirm this. Fine or coarse strands 
of silver particles can be seen ramifying through the cytoplasm (PI. 4, 
fig. 1, and PI. 5, fig. 3). In electron micrographs of osmium-fixed material 
the neurofilaments show a similar distribution in the cell body (Palay & 
Palade, 1955). Again, the mitochondria of these regions appear entirely 
non-argyrophilic. 

Finally, in Pl. 4, fig. 1, a row of boutons (5) is shown in contact with a 
nerve cell body. Two boutons are shown at higher magnificatim in PI. 5, 
fig. 3. It is clear that neither the bouton cytoplasm, nor its surface 
membrane or mitochondria are argyrophilic. The synaptic vesicles, since 
they are membrane structures, are poorly preserved in the silvered 
material. A vague non-argyrophilic mass (sv?) can be seen near the synaptic 
membrane (in Pi. 5, fig. 3, for example). This mass might represent 
synaptic vesicles, but since rather similar masses appear in perikaryal 
cytoplasm (PI. 4, fig. 1) it is more likely to be protein material precipitated 
by the formalin fixation. However, axosomatic boutons of mammalian 
cord invariably contain aggregates of synaptic vesicles, as is shown by 
osmium-fixed material (compare PI. 3, fig. 2), while many boutons in the 
electron micrographs of silver preparations contain no silver particles in 
sufficient aggregations to be within the limits of resolution of light 
microscopy. So there can be little doubt that the synaptic vesicles are not 
responsible for the argyrophilia within a bouton. 

The only remaining differentiated parts of the bouton that are known 
are the neurofilaments and their surrounding of pale cytoplasm. One or 
two strands of silver can be seen in boutons in PI. 4, fig. 1 (6, and 6,). These 
could be oblique sections of rings. A more or less complete ring formed by 
silver deposits is shown in a bouton in PI. 5, fig. 4. These, without doubt, 
correspond in position to the loops of neurofilaments. The fine silver 
particles clearly form linear aggregates (see Pl. 5, figs. 3 and 4), probably 
along the reaction product formed when the neurofilament (or the 
immediately adjacent cytoplasm) is fixed with formalin. 


DISCUSSION 

Neurofilaments have been demonstrated by electron microscopy in the 
terminal presynaptic bags of axons of the spinal cord of the cat and rat. 
These filaments are often arranged to form rings that match the classical 
terminal boutons of light microscopy in shape and in approximate size. The 
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structures that can be seen in the terminal bag of spinal cord axons include 
surface membrane, mitochondria, synaptic vesicles and neurofilaments. 
The first three do not take up silver selectively in material impregnated 
for boutons nor do they have the right shape to form a possible basis for 
the neurofibrillar terminal boutons. It is thus highly probable that the 
silver is deposited in the neurofilamentous region of the synapse, probably 
on the fixation products of the filaments themselves. 

Since terminal bags vary in the amount of neurofilamentous material 
that they contain it is relevant to ask whether this variation may have 
any functional significance. Several possibilities for further investigation 
arise. The number of neurofilaments may be related ¢o size of terminal bag, 
number of mitochondria, or discharge activity of the axon. Thus in the 
lizard brain it was found that changes in the neurofilaments of boutons 
could be produced by altering environmental temperature, and these 
changes were accompanied by changes in the mitochondria in the same 
region (Boycott & Guillery 1959; Boycott et al. 1960, 1961). 

\ great number of terminal bags show no neurofilaments in electron 
micrographs, fewer even in the rat than in the cat. While it is not possible 
without serial sections to state that they are absent in a given terminal 
it is clear that many synaptic terminals have no neurofilaments. The 
variable effectiveness of the silver stains of light microscopy in different 


parts of the central nervous system and in different species is thus related 


to the presence or absence of neurofilaments in the synaptic terminal 


rather than to an inefficiency of the silver technique. On the other hand 
mitochondria are almost invariably present in spinal cord synaptic 
terminals and this agrees with the observation that more synapses can be 
displayed by light microscopy with mitochondrial methods than can ever 
be seen with classical silver methods (Armstrong, Richardson & Young 
1956). It emphasizes that silver methods can never give more than a 


partial picture of synaptic organization 


SUMMARY 


|. Bundles of neurofilaments, often orientated in the form of a ring, 
can be observed by electron microscopy in a small proportion of the pre 
synaptic bags of axon terminals of the spinal cord. 

2. These neurofilaments form the basis of the argyrophilic material that 
constitutes the classical neurofibrillar rings and clubs of light microscopy. 
The possibility that other neuronal structures, the cytoplasm and surface 
membranes, myelin sheaths, mitochondria and synaptic vesicles, are 


argyrophilic can be excluded 
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We are indebted to Professor J. Z. Young, F.R.S. for his interest and advice; to Mrs R 


Tilly for photography; to Miss B. Shirra for technical assistance, and Miss J. de Vere for 


drawing the text-figure. 
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EXPLANATION OF PLATES 


In all plates letters indicate structures thus: 6, bouton; m, mitochondrion; my, myelin 


sheath ; nb, neurofibrillae; nf, neurofilaments; pe, pale cytoplasm containing neurofilaments ; 
post, post-synaptic cytoplasm; st, silver deposits; sv, synaptic vesicles 


PLATE | 
Fig. 1. Electron micrograph. Cat cord. A presynaptic bag containing a ring of neuro 
filaments surrounding a group of mitochondria; synaptic vesicles are also present. (Below) 


myelinated axon 
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PLATE 2 
Fig. 1. Electron micrograph. Cat cord. Presynaptic bag containing an irregular arrange- 
ment of neurofilaments. 
Fig. 2. Electron micrograph. Rat cord. Presynaptic bag containing a few neurofilaments 
situated in a clear zone of the cytoplasm. 


PLATE 3 
Fig. 1. Electron micrograph. Cat cord. Silver deposits within a myelinated axon. 
Fig. 2. Electron micrograph. Cat cord. Dots within the circles represent a radial section 
of a ring of neurofilaments. ‘ 
Fig. 3. Electron micrograph. Cat cord. Silver deposits within a myelinated axon. 


PLATE 4 
Fig. 1. Electron micrograph. Cat cord. Silver-stained preparation. Fibre plexus (above) 
and large ventral horn cell (below) with a row of boutons. 
Fig. 2. Low-power light micrograph. Cat cord. Cajal silver preparation of large neurone 
with boutons 


PLATE 5 


Fig. 1. Light micrograph. Cat cord. Cajal silver preparation of large neurone with boutons 
l 


and fibre plexus 
Fig. 2. Light micrograph. Cat cord. Neurone with neurofibrillae extending into basal 
regions of dendrites 

Fig. 3. Electron micrograph. Cat cord. Axo-somatic boutons in a silvered preparation. 


Fig. 4. Electron micrograph. Cat cord. Axo-somatic bouton showing ring of silver particles. 
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BRADYKININ AS A VASODILATOR IN MAN 


By R. H. FOX, R. GOLDSMITH, D. J. KIDD ann G. P. LEWIS 


From the Division of Human Physiology, and Division of Physiology and 
Pharmacology, National Institute for Medical Research, London, N.W. 3 


(Received 13 February 1961) 


The name bradykinin was first used by Rocha e Silva, Beraldo & 
Rosenfeld (1949) to describe a slow-acting smooth-muscle-stimulating 
polypeptide obtained by incubation of snake venom or trypsin with plasma 
proteins. The enzyme forming bradykinin has been found in a number of 
animal tissues and in particular in most of the exocrine glands. It is 
thought that bradykinin is responsible for the functional vasodilatations 
in the salivary gland of the cat (Hilton & Lewis, 1955, 1956), and in the 
human eccrine sweat gland, where the vasodilatation may also play an 
important role in temperature regulation (Fox & Hilton, 1958). Brady- 
kinin has also been suggested as a mediator in the early stages of the 
inflammatory response (Hilton & Lewis, 1957). Recently the pure peptide 
has been isolated and its structure elucidated, and it has been synthesized 
(Elliott, Lewis & Horton, 1960a, b; Boissonnas, Guttman, Jaquemond, 
Konzett & Stiirmer, 1960). The pure peptide has a powerful vasodilator 
action in cats, stimulates certain types of sraocoth muscle, increases 
capillary permeability and produces pain when applied to a blister base 
(Elliott, Horton & Lewis, 1960). 

In the present experiments bradykinin has been shown to be a most 
powerful vasodilator substance in man. It has been administered intra- 


arterially and intravenously, and its actions have been compared to those 


of other vasodilator compounds. 


METHODS 


The experiments were performed on nineteen healthy adult males. Bilateral hand or 
forearm blood flows were measured by venous occlusion plethysmography with the subjects 
seated in a stirred and temperature-controlled water-bath, following the technique described 
by Edholm, Fox & Macpherson (1956). Changes in the blood flow in the skin of the face, 
neck or forearm were recorded using surface calorimeters. The calorimeters consist of a 
heat-flow disk (Hatfield, 1950) enclosed in a Perspex capsule, and were irrigated with water 
at 32° C. The drugs were either administered as single doses in 1 ml. of 0-9% NaCl solution 
and injected in 5 sec at a fixed time during the venous cuff-inflation cycle, or by continuous 
infusion employing a Palmer slow-injection apparatus. The natural bradykinin was pre- 
pared by the procedures described by Elliott, Horton et al, (1960); the molecular weight of 
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the dihydrochloride is 1131. The responses to injections of natural bradykinin were com 
pared with those to synthetic bradykinin, which was kindly supplied by Sandoz Ltd, 
histarnine acid phosphate (expressed as base), acetylcholine chloride, isoprenaline sulphate, 
and 5-hydroxytryptamine creatinine sulphate. Intra-arterial injections were made into the 
brachial artery at the elbow, and intravenous injections into the antecubital vein. The vaso 
dilator response to each drug injection was obtained by subtracting the pre-injection blood 
flow, as given by the mean of the two inflows immediately preceding the injection, from the 
peak blood flow recorded following the injection. Pulse rates were counted from the blood 


flow traces 


RESULTS 


Intra-arterial injection or infusion of those compounds which caused 
large increases in blood flow were followed by a feeling of swelling and 
warmth of the forearm. The magnitude of these sensations was not de 
pendent on the particular compound injected but on the size of the 
vasodilatation elicited. With intra-arterial injections the largest doses of 
all the drugs injected sometimes caused transient pain or unpleasant 
sensation deep in the forearm. 


Intra-arterial injections of drugs on total forearm blood flow 


The vasodilatation produced by natural bradykinin was compared with 
the responses to injections of synthetic bradykinin, histamine and iso 
prenaline in doses ranging from 0-05 to 5-0 yg. Responses to the same 
doses, on a weight-for-weight basis, were directly compared to provide a 
quantitative comparison. There was no difference in potency between 
natural and synthetic bradykinins. Their potency was about the same as 
that of isoprenaline but greater than that of histamine (P < 0-001). The 
results are given in Table 1. 

In other experiments the effects on forearm flow of doses of acetyl- 
choline 0-5-250 ug and 5 hydroxytryptamine 0-5—5-0 ug were measured 
In order to obtain increases in blood flow similar to those produced by 
bradykinin much greater amounts of acetylcholine had to be injected. 
There was no response to 0-5 wg 5-hydroxytryptamine, but doses of 
1-0-5°0 ug always produced a small vasodilatation. 

Figure | shows a comparison of the potencies of natural bradykinin, 
acetylcholine and histamine, and that bradykinin is the most and acety!] 
choline the least potent substance. Further comparisons of the drugs are 
shown in Fig. 4. The vasodilatation produced by bradykinin was resistant 
to intra-arterial mepyramine (Fig. 1) and also was unaffected by an intra- 
arterial dose of atropine sulphate 0-6 yg. 

The times taken to reach maximum vasodilatation following injections 
of bradykinin and isoprenaline were greater than those for acetylcholine 
and histamire (Fig. 2). In one experiment it was possible to examine the 


action of both bradykinin and histamine during a post-fainting state. The 
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subject was a student who had a history of fainting, which was revealed 
subsequently. On insertion of the arterial needle he fainted and became 
unconscious for a short time. After regaining consciousness he said he was 
willing to continue the experiment. When the arterial needle was reinserted 
he again felt faint but this time did not lose consciousness. The injections 


TaBLe 1. Forearm vasodilator responses to intra-arterial injections of vasoactive com 
pounds. The pre-injection resting blood flow and the maximum increase above the resting 
value are shown (ml./100 ml. tissue/min). Values for different compounds on the same line 


are directly comparable as they were obtained close in tim. in the same experiment 


Natural Synthetic 
bradykinin bradykinin Histamine Isoprenaline 


Maxi Maxi- Maxi- Maxi 
Dose Resting mum testing mum Resting mum Resting mum 
(ug) flow increase flow increase flow increase flow increase 
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were begun when the pulse rate had returned to 60 beats/min. The 
responses to both bradykinin and histamine were much reduced during the 
post-fainting state but returned to nearly normal during the experiment. 
This experiment is illustrated in Fig. 3. 


Intra-arterial injections of drugs on forearm skin blood flow 


In most experiments the changes in skin blood flow were measured 
simultaneously with total blood flow in the same forearm (see Fig. 4). As 
the measurements of change in the skin flow cannot be converted into 
absolute rates of blood flow, an accurate quantitative comparison of the 
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responses in skin and total forearm blood flow was not possible, yet it was 
found that bradykinin, histamine and acetylcholine produced the same 
relative changes in blood flow of the skin and of the whole forearm. 
teddening of the forearm with the larger doses of ail three compounds 
provided visual evidence of cutaneous vasodilatation. 
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Fig. 1. Forearm vasodilator responses to intra-arterial injections of natural brady- 
kinin (B), acetyicholine (A) and histamine (H), before and after giving 5-0 mg 


mepyramine intra-arterially. (All other doses in pg.) 
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Fig. 2. The time course of the vasodilatation following injections of natural brady- 
kinin, histamine, acetylcholine and isoprenaline. Each curve represents the mean 
response for all injections of that compound: bradykinin ; — .— isoprenaline ; 


histamine ; acetylcholine. 
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In the post-fainting state in which the sensitivity of the forearm flow to 
bradykinin and histamine was reduced, that of the skin blood flow was 
reduced to an even greater extent (Fig. 3). 

Arterial injection of 5-hydroxytryptamine decreased the skin flow in 
spite of a slight increase in total forearm flow (Figs. 4 and 5). 


Skin heat flow 





Total blood flow 


(m1./100 mi. tissue/min) 





, a a a 
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Time (min) 

Fig. 3. Skin and total forearm blood flow responses to intra-arterial injections of 
natural bradykinin (B) and histamine (H) in the post-fainting state. The subject 
first fainted at zero time and nearly fainted a second time at 30 min. (All doses 


in pg.) 
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Fig. 4. Skin and total forearm blood flow responses of two subjects to intra-arterial 
injections of natural bradykinin (B), synthetic bradykinin (SB), isoprenaline (I), 
and 5-hydroxytryptamine (5-HT). (All doses in yg.) 
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, isoprenaline 0-9 pg/min (I) and 5-HT 4-5 yg/min. The results of 


ns of isoprenaline (1-0 ug), 5-HT (5-0 wg) and bradykinin (1-0 yg) 


Intra-arterial infusion of drugs on total forearm 
and skin blood flow 
One of the two experiments performed is illustrated in Fig. 5. The 
relative potencies of the compounds and the relationship between skin and 
total blood flow were similar to those found in the experiments with single 
injections. The response to isoprenaline in this experiment was smaller 
than expected, but the figure illustrates very clearly the striking vaso- 


constrictor action of 5-hydroxytryptamine on the skin. 


Intra-arterial injection of drugs on hand blood flow 
In three experiments natural bradykinin, histamine and isoprenaline 
were injected in equal doses (0-1-5-0 pg) to provide a quantitative 
comparison. These results are shown in Table 2 and Fig. 6. Unlike the 
results obtained on the forearm flow, histamine was more active than 
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Taste 2. Hand vasodilator responses (ml. blood/100 ml. tissue min) to intra-arterial 


injections. The pre-injection resting blood flow and the maximum increase above the resting 
value are shown. Values for different compounds on the same line are directly comparable 


as they were obtained close in time 


Natural bradykinin Histamine Isoprenaline 


Dose Resting Maximum testing Maximum Resting Maximum 
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Fig. 6. Hand vasodilator responses to intra-arterial injections of natural brady- 
kinin (B), histamine (H), isoprenaline (1) and acety Icholine (A). (All doses in pg.) 
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bradykinin (P < 0-01). Acetylcholine (10-500 yg) had only a small 
vasodilator activity—it was even less active than in the forearm. 

When the vasodilator responses to histamine were compared in the 
hand and forearm (see Tables 1 and 2) the mean maximum increases were 
found to be greater in the hand than in the forearm (P < 0-02). For 
instance, the mean increases to 0-5 yg were 11-1 for the hand but only 
3-4 for the forearm, and for 3 ug the corresponding values were 15-7 and 7-9. 


Intravenous administration of drugs 


With intravenous injections of small doses of bradykinin the first effect 
was either a sensation of warmth in the face or a visible reddening of the 
face and neck. The minimum single intravenous dose required to produce 
any observable effect was found in four subjects to be between 0-1 and 
0-4 pg/kg body weight. With larger doses (1 ug/kg or more) the feeling of 
warmth spread to the limbs and the rest of the body. Other sensations 
reported were a feeling of pulsations of the lips, cheeks and roof of the 
mouth, a dry or metallic taste on the tongue or an intense but indescribable 
taste in the mouth, awareness of cardiac action and catching of breath. 
The feeling of warmth and the appearance of flushing were most pro 
nounced in the face and neck, and the feeling of bodily warmth was 
followed by that of coldness 

Effect on blood flow. On intravenous injection or infusion histamine was 
found to be about six times as active as bradykinin. For example, intra 
venous infusions of 9 «g/min of histamine and 53 pg/min of bradykinin 
produced small but almost equal vasodilatations in hand and forearm. It 
was further found that these drugs in doses too small to cause an appreci- 
able effect on hand or forearm flow produced large increases in the face 
and neck skin flow. 

This difference in sensitivity of the vessels of different regions of the body 
to histamine and bradykinin is illustrated in Fig. 7, in which the changes 
in peripheral blood flow produced by an infusion of bradykinin are com 
pared with the changes produced by a period of indirect heating. 


DISCUSSION 
The results obtained with intra-arterial administration of bradykinin 
to man show that this polypeptide, known to have a strong vasodilator 
action in various species, is also a potent vasodilator in man. A diagram 


matic representation of the activities of the various vasodilator substances 


injected intra-arterialiy is given in Fig. 8. 
This comparison is made on a weight-for-weight basis. However, on a 
molar basis bradykinin is many times more active on forearm and hand 
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flow than any of the other substances examined, because the molecular 
weight of the dihydrochloride of bradykinin which was used for these 
experiments is 1131 as compared with those of histamine base and iso- 
prenaline sulphate which are 101 and 307 respectively. 
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Fig. 7. Vasodilator responses in the hand and forearm and in the skin of the cheek 


and neck following intravenous injections of histamine 10 wg (H) and acetyl- 
choline 1-0 wg (A), and an infusion of natural bradykinin 87-5 wg/min (B). The 
vasodilator effect of indirect heating is also shown. Heat-flow symbols: @ = cheek; 


neck; o = forearm (left). 


The findings that, first, on a weight basis intra-arterial injection of 
bradykinin is more powerful than histamine in the forearm but somewhat 
less so in the hand and, secondly, on intravenous administration histamine 
is much more effective than bradykinin in both forearm and hand, can be 
explained by the fact that histamine is scarcely inactivated or destroyed in 
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human blood (Best & McHenry, 1930; Anrep, Barsoum & Ibrahim, 1947), 
whereas bradykinin is relatively rapidly destroyed (Lewis, 1960). 

An example of how the distance from the site of an arterial injection to 
the site of action will affect the response to a substance which is rapidly 
destroyed in blood is well illustrated by Duff, Greenfield, Shepherd & 
Thompson (1953) for acetylcholine. They found that the magnitude of the 
response in the hand to intra-arterial injections of acetylcholine varied 
directly with the distance from the site of injection and they attributed 
this difference to the inactivation of acetylcholine in blood. Acetylcholine 
is destroyed much more quickly than bradykinin in blood, and this also 


explains why the differences in relative potencies of acetylcholine on 
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8. The vasodilator activity of natural bradykinin in hand and forearm com 
pared with those of synthetic bradykinin (SB), histamine and isoprenaline, based 
he means of the paired measurements. Values for acetylcholine (A) and 5-HT 


are approximate only 


arterial and intravenous injection are so much greater than those of brady 
kinin. On intravenous injection even | mg of acetylcholine was ineffective 
in producing vasodilation in forearm and hand. 

In contrast to the finding that bradykinin is considerably more active 
than acetylcholine as a vasodilator in man is the observation by Elliott, 
Horton et al. (1960) that in the cat bradykinin and acetylcholine are equi 
active. This apparent discrepancy can again be explained by different rates 
of destruction in blood, as Hawkins & Mendel (1947) found that acety!l- 
choline is destroyed much more rapidly in human blood than in cat blood, 
whereas bradykinin is destroyed almost equally in both species (G. P. 
Lewis, unpublished) 


In addition to differences in the rates of destruction there may be 


differences in selectivity of action of the drugs on particular parts of the 


vascular bed. These differences may be due to the fact that both the 
sympathetic innervation and the vascular structure vary greatly between 
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hand and forearm. For instance, the ratio of skin to muscle tissue is 
much larger in the hand than in the forearm and an increase in the blood 
flow to the hand is brought about by inhibition of sympathetic nervous 
activity, whereas in the forearm it is the result of an active vasodilator 
mechanism (Edholm et al. 1956; Fox & Hilton, 1958). Further, the skin 
of the paimar surface of the hand contains abundant arteriovenous anasto 
moses, whereas they are few or absent in the forearm skin (Clara, 1956). 
This difference may be responsible for the greater increase in blood flow 


per unit volume of tissue, after intra-arterial histamine, in the hand 


compared with that in the forearm. 

The response of certain smooth-muscle preparations to bradykinin is 
characterized by its slowness. The finding that the maximum vasodilata- 
tion in response to its intra-arterial injection occurred later than that in 
response to intra-arterial histamine or acetylcholine could reflect a similar 
slow action of bradykinin on the vessel wall. 

However, the fact that the response to isoprenaline showed the same 
delay as bradykinin in reaching its maximum suggests that other factors 
may be responsible for this difference. With the exception of 5-hydroxy 
tryptamine all the other drugs tested by intra-arterial injection produced 
roughly the same relative vasodilator effects in the skin of the forearm as 
in the whole forearm. This suggests the absence of differences in their 
actions on skin and muscle vessels. 5-hydroxytryptamine caused constric- 
tion in the skin but presumably vasodilatation in the muscle vessels, since 
the net effect on total forearm blood flow was a small increase. In contrast, 

toddie, Shepherd & Whelan (1955) reported decreases in both hand blood 

flow and forearm blood flow, following an initial transient increase, with 
infusions of 5-hydroxytryptamine, and concluded that the drug acts by 
constricting the resistance vessels and dilating the vessels responsible for 
skin colour. The difference between this vasoconstrictor effect on total 
forearm blood flow found by Roddie et al. (1955) and the vasodilator effect 
found in the present experiments may be accounted for by two factors: 
first, the predominance with single injections of the initial transient vaso- 
dilatation in the muscle, and secondly, the difference in pre-injection skin 
blood flow levels—they were probably higher in the experiments of Roddie 
et al. and therefore the constrictor effect in the skin was more prominent. 
With the skin vessels largely constricted, the decrease in total forearm 
blood flow due to the vasoconstrictor action of 5-hydroxytryptamine on 
the skin would be relatively small, but the increase by the vasodilator 
effect on muscle vessels would be relatively enhanced. 

Both bradykinin and histamine produced, on intravenous administra- 
tion, vasodilatation in the face and neck at dose levels which were too low 
to produce effects on the forearm or hand. It is difficult to account for this 
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predilection although it has long been recognized that the face and neck 
are especially reactive (Lewis, 1927). It is in these regions that blushing in 
the young adult and flushing at the menopause are most marked, that the 
vasodilatation and sweating associated with strong gustatory stimuli are 
found, and, finally, they are among the few areas of the body in which the 
cold vasodilatation response is easily elicited (Fox & Wyatt, 1960). It has 
also been shown that the vasomotor control is different in adjacent areas 
of the face; in some the control is exercised by vasoconstrictor nerves, in 
others the control is predominantly by an active vasodilator mechanism 
(Fox, Goldsmith & Kidd, 1960a, b). 

The greatly diminished vasodilator responses to injections of bradykinin 
and histamine, observed in one subject in the post-fainting state, points to 
the presence of some strong vasoconstrictor influence in this condition. 
rhe finding that the effect was most marked in the skin is in accord with 
the well known fact that after fainting the skin remains pale for a con- 
siderabie period. There is strong evidence that posterior pituitary secretion 
is greatly increased during a faint and it has been suggested that the pallor 
of fainting results from the action of this hormone (Edholm, 1952). The 
observed resistance to the vasodilator action of bradykinin and histamine 
in this condition could readily be explained by the presence of a humoral 
went rather than by the presence of a vasoconstrictor nerve effect, since 
both bradykinin and histamine dilate the vascular bed of the hand which 
is normally held in the vasoconstricted state by vasoconstrictor nerves. 
Furthermore, vasoconstrictor nerves do not seem to play a major role in 
controlling blood flow through the skin (Roddie, Shepherd & Whelan, 
1957; Edholm, Fox & Macpherson, 1957) of the forearm 

Fox & Hilton (1958) pointed out that the association of sweating with a 


pale and apparently vasoconstricted skin in individuals in a state of shock 


was seemingly at variance with their hypothesis that bradykinin formed as 
a result of sweat-gland activity is responsible for the active vasodilatation 
in the forearm skin with indirect heating. They suggested that in an 
individual in a state of shock vasodilatation might be prevented by a 
stronger vasoconstrictor influence. The greatly diminished vasodilator 
responses to bradykinin and histamine encountered in the post-fainting 


state lends support to their suggestion. 


SUMMARY 


|. The vasodilator activity of bradykinin in man has been compared 
with that of other vasoactive compounds given as single injections or 
infusions into the brachial artery or into the antecubital vein. Total fore- 


arm or hand blood flows were measured by venous occlusion plethysmo- 
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graphy and changes in skin blood flow were followed using surface 


calorimeters. 

2. On intra-arterial administration both natural and synthetic brady- 
kinin on a weight-for-weight basis were much more active than acetyl 
choline, although this is partly explained by the extremely rapid 
inactivation of acetylcholine in the blood stream. Bradykinin was about 
equiactive with isoprenaline in hand and forearm, but more active in the 


forearm and less active in the hand than histamine. On a molar basis, 
however, bradykinin was much more active than any other drug examined. 
It is concluded that when bradykinin is released in the human body its 
foremost action is vasodilatation. 

3. While bradykinin, acetylcholine, isoprenaline and histamine caused 
only vasodilatation, 5-hydroxytryptamine produced a small increase in 
total forearm blood flow which was the resultant of a vasoconstrictor 
action on the skin blood flow and a vasodilator action on the muscle blood 
flow. 

4. On intravenous administration the first effect of threshold doses of 
bradykinin (0-1—0-4 wg/kg) was a flushing of the face and neck. With 
larger doses this vasodilatation became intense and spread to the rest of 
the body. Histamine was more active than bradykinin by the intravenous 
route. 

5. Some of the differences in the potency ratios between intra-arterial 
and intravenous injections may be explained by the different rates of 
inactivation of the drugs in the blood stream. 

6. In one subject the effect of intra-arterial injection of bradykinin and 
histamine could be studied in the post-fainting state. The vasodilator 
responses were greatly reduced. It is concluded that this resistance to 
vasodilator substances results from the presence of a strong vasoconstrictor 


substance in the blood. 

The authors are deeply indebted to the members of the 1960 Honours B.Sc. class in 
Physiology, and to the dental students at Guy's Hospital who were the subjects in some of 
these experiments. They also wish to thank Mr J. W. Jack for preparing the figures and 


Messrs Sandoz Ltd for kindly supplying the synthetic bradykinin. 
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THE RESPONSE OF PIGLETS TO AMMONIUM CHLORIDE 


By N. HATEMI* ann R. A. MoCANCE 


From the Department of Experimental Medicine, University of Cambridge 
(Received 15 February 1961) 


The response of ‘new-born’ puppies and babies to ammonium chloride has 
been investigated (Cort & MecCance, 1954: Hatemi & MecCance, 1961 
MecCance & Hatemi, 1961) and the natural development of acid—base control 
after birth has been studied by Gordon, McNamara & Benjamin (1948), 
Widdowson & McCance (1958), Fomon, Harris & Jensen (1959) and McCance 
& Widdowson (1960). The general conclusion of these authors may be 
summarized by saying that the new-born animal makes a less effective 
response to acidifying drugs than an adult, whether the comparison is 
made on the basis of body weight or surface area, and there are clear in 
dications that this may be clinically important (Darrow, da Silva & 
Stevenson, 1954; Hoffman, Parmelee & Grossman, 1948). 

The pig has not yet been investigated and, since animals were available 


and pigs were known to differ in several ways from puppies and babies 


in their excretion of electrolytes, it was decided to make a short study of 


them. 
METHODS 


Kight new-born piglets | or sometimes 2 daya old (weighing 1:1-1-8 kg) were separated 


from the sow a few hours before the acidifying drug was to be given and placed in individual 
motaboliam cages at 24 °C. The first specimen of urine was discarded and after timed speci 
mens had been collected under toluo! for about 2 hr, a sample of biood was taken from the 
heart and placed at once under paraflin oil. The sample was then centrifuged and the serum 
separated immediately. After the preliminary samples of urine and blood had been obtained, 


a solution of m/6-NH,Cl (25 ml il m-equiv/kg) warmed to 37°C was administered 
intraperitoneally to four piglets and by stomach tube to four others, and the time recorded 
Per unit of body weight this dose was higher than the dose given to infants in the study of 
Hatemi & MecCance (1961) and higher than the one given by Cort & MeCance (1954) to 
new-born and adult dogs. Enough water was administered at two-hourly intervala by 
stomach tube to maintain a reasonable flow of urine and specimens were collected for about 
Shr and treated as described below A second specimen of blood was taken 4 hr after the 
acidifying drug had been given 

Kight older piglets weighing 13-16 kg (10-12 weeks old) were investigated for comparative 
purposes. These animals had been weaned and had been taking a barley-maize-fishmea! 
offal mixture (McCance, 1960). Each was placed in a metaboliam cage at normal room tem 
perature on the evening before the experiment was to begin and a preliminary collection of 
urine was made under toluol overnight, timed from the moment when the animal first 


emptied ita bladder in the evening until it was first seen to empty ita bladder in the morning 


* British Council Scholar 
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When it had done this, pentobarbitone sodium 12 mg/kg body weight was administered 
intravenously. This kept the pigs lightly anaesthetized for 5-10 min. A sample of blood was 
taken from a vein in the leg or ear and m/6-NH,Cl solution at 37° C (25 ml. = 4-1 m-equiv 
kg) was given intraperitoneally. Urine was collected under toluol in separately timed 
specimens for 8 hr and a second sample of blood was taken from the leg, again under very 
light pentobarbitone sodium anaesthesia, about 4 hr after the NH,Cl had been given. Urine 
specimens were removed as passed and kept in a refrigerator, and the specimens collected 
during the 8 hr after the acidifying salt had been administered were divided according to 
their volumes and times into four specimens, each representing a period of 2 hr. These were 
separately analysed, and so was the timed specimen passed before the drug was given. 
The chemical methods were the same as those used by Hatemi & McCance (1961). 


RESULTS 


Tables 1 and 2 show the changes in the volume and H-ion concentration 
of the urine before and after giving the NH,Cl and water to the new-born 
and older piglets. They also show the rates of excretion of titratable acid, 
ammonia, phosphates, chlorides, sodium and potassium, and, in the case of 


the older animals, creatinine. The average results for pH are shown in Fig. 1. 

The administration of m/6-NH,Cl solution and water was followed by 
an increase in urine flow, but this increase was smal! in new-born animals. 
In older piglets the urine flow reached a level, after the administration of 
the drug, nearly three times that in the preliminary period. These results 
are in line with the observations of McCance & Wilkinson (1947), Ames 
(1953) and Adolph (1957) on the tendency of the newly born to excrete 
water less quickly and completely than older animals. 

In the preliminary period the average [H*] in the urine was somewhat 
higher in the older piglets than it was in the new-born ones, although the 
difference was not statistically significant. After the administration of 


Taste 1. Urine volume, [H*]x10- and excretion rates of titratable acid, ammonia, 
phosphorus, chloride, sodium and potassium before and after giving NH,Cl to new-born 
piglets 1-2 days old. (Means and standard deviations are given) 


Preliminary 
period 0-2 hr 2-4 hr 4-6 hr 6-8 hr 
Urine flow (ml 0-21+0-05 0-31+ 0-08 0-29 + 0-06 0-22 + 0-04 0-17 + 0-03 
min) 
H*}]x 10-7 13-5+ 21-0 3-84+4-9 6-08 + 7-9 24-2+ 22-0 52-2+ 14-0 
ritratable acid 24+ 32 15+10 19+ 10 23+13 28+17 
(pequiv kg hr) 
Ammonia 80+ % 127 + 50 108 + 48 102+ 61 91+37 
(wequiv/kg/hr) 
Phosphorus 0-46 + 0-55 0-38 + 0-47 0-20 + 0-24 0-39 + 0-52 0-54 + 0-53 
(mg/kg/hr) 
Chloride 126 + 6: 179+ 100 204+ 115 226 + 59 
(wequiv/kg/hr) 
Sodium 2 28+19 20+ 17 29+ 16 
pequiv/kg/hr) 


Potassium + 5 + 225+ 90 228 + 27 


(wequiv/kg/hr) 
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Taste 2. Urine volume, [H*+]x10-? and excretion rates of titratable acid, ammonia, 
phosphorus, creatinine, chloride, sodium and potassium before and after giving NH,Cl to 
piglets 10-12 weeks old. (Means and standard deviations are given) 
Preliminary 
period 0-2 hr p 4-6 hr 6-8 hr 
Urine flow (ml! 0-34 + 0-09 0-84+ 0-21 2 35 1:23+0-39 0-73+0-10 
min) 
[H*] x 10-7 38-9 + 21-0 10-3+ 7-8 7-6 + 2 28-3+ 6-9 44-6 + 30-0 
Titratable acid 68+16 42+13 3+1: 48+19 70+19 
(wequiv/kg/hr) 
Ammonia 141 + 27 201 + 42 238 + 4! 235+ 51 212+ 38 
(wequiv/kg/hr) 
Phosphorus 1-91+0-47 1-27+0-30 1-27+0-46 1-39+ 0-61 1-98 + 0-57 
(mng/kg/hr) 
Creatinine 0-73 + 0-20 0-92 + 0-71 0-88 + 0-44 0-75 +0-25 0-82 + 0-30 
(mg/kg/hr) 
Chloride 63+ 32 249 + 105 365 + 168 410+ 157 312487 
(pequiv/kg/hr) 
Sodium 19+15 101+ 70 167+111 210+ 142 170+ 94 
(wequiv/kg/hr) 
Potassium 32 + 26 63 + 25 103 + 36 129 + 37 111+31 
(wequiv/kg/hr) 


66 
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Fig. 1. The average pH of the urine before and after the administration 
of NH,Cl to young pigs. 
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NH,CI solution, the [H*| of the urine fell in both groups of animals, and 


this fall was accompanied by the increase in urine flow. By the end of the 
experiment, the average pH of the urine was still above 5 at both ages 

Little inorganic phosphate was excreted by the new-born piglets and 
some of them excreted practically none. Towards the end of the experiments 
the amount of phosphate in the urine increased slightly, probably owing 
to starvation and the ensuing tissue breakdown (Widdowson & McCance, 
1959). In contrast to this, older piglets had large amounts of phosphate 
in their urine, but after the administration of NH,Cl the rate of excretion 
always fell and, in some animals, to as little as 30-50 °,, of that in the pre 
liminary period. This fall in the rate of excretion of phosphate was prob- 
ably tubular in origin, for there was no corresponding fall in the excretion 
of endogenous creatinine. 

In the preliminary period older piglets had a significantly higher aver 
age rate of excretion of titratable acid than new-born piglets, because 
their urines were more acid and also contained more phosphates. After 
the administration of m/6 NH,C! solution the rate of titratable acid excre 
tion fell in both groups. It began to rise only towards the end of the ex 
periment, when the [H*] of the urine rose and the excretion of inorganic 
phosphorus also increased 

In the preliminary period and at all times after the acidifying drug had 
heen given, older piglets had significantly higher rates of ammonia 
excretion than the new-born. Their average response to the acid load was 
rapid and the excretion of ammonia significantly higher than it was in 
the preliminary period. In new-born piglets, however, there was little 
increase in the excretion of ammonia after the acidifying drug and this 
increase was not significant compared with the preliminary period 
Since, after the administration of NH,Cl, the older piglets did not excrete 
a more acid urine than the younger ones, their greater excretion of am 
monia did not seem to be related to the pH of the urine. 

On the assumption that all the N in the NH,Cl had been converted to 
urea, the percentage of the hydrogen ions set free and excreted in 
combination with ammonia within 8 hr was calculated, and it was found 
that the new-born piglets excreted 5-27 + 3-56°, of the hydrogen ions as 
ammonia, whereas older piglets excreted 13-5+6-2°%,, this percentage 
being significantly higher than that of the new-born. 

The chloride excretion in the preliminary period was slightly lower in 
older piglets than in the new-born. After the administration of NH,CI, 
however, the rate increased by more than four times in older piglets, 
whereas in the new-born the increase was much smaller. Within 8 hr the 
older piglets excreted 50-7 + 21-2 °%, of the chloride ions administered and 
the newborn piglets only 14-7 + 2-9%. 
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Before NH,Cl was given, the rate of excretion of sodium was nearly the 
same at both ages, and after the administration of the drug it remained 
practically unchanged in the new-born, whereas in older piglets it in- 
creased considerably. The excretion of potassium in the preliminary 
period was significantly higher in the new-born than in the older piglets. 
After the administration of NH,Cl the average rates of potassium excre- 
tion increased in both groups, but significantly more so in the new-born 
than in older piglets. New-born piglets therefore responded to an acidosis 
by increasing the rate of excretion of potassium without a significant 
change in that of sodium, whereas older piglets excreted both more 
sodium and more potassium. 

These findings suggested that the concentrations of sodium in the 
serum of the new-born piglets might be low, and Table 3 shows that this 
in fact was true. Compared with the older animals the difference was 
statistically significant. The concentration of potassium in the serum, 
however, had a significantly higher average value in the new-born piglets. 
sefore any drug was given, the average serum chloride concentration of the 
new-born piglets was somewhat lower than that of older piglets but the 
difference was not significant. The drug produced roughly the same effect 
on the serum chloride at both ages. New-born piglets tended to become 
cyanotic and partially asphyxiated while they were being held for heart 
puncture, and some of the results for total CO, were found to be unduly 


high. For this reason they have not been given in Table 3. 


Taste 3. Serum electrolytes in new-born piglets and in others 10-12 weeks old 
Piz 


Chloride Total ¢ O, Potas Phos 
(m-equiv/l.) (m-equiv/l.) Sodium sium phorus 
(m-equiv (m-equiv (mg 
Before After Before After L.) 1.) 100 ml.) 


New-born pig 09+2-7 105+3-6 125+48 6565403 11-24+2-2 


lets 
Piglets 10 104+3-2 108+2 
12 weeks old 


7 28429 2442-2 5 48+06 104+1-7 


DISCUSSION 


These results have revealed some peculiarities in the response of young 
b £ 


pigs to an ammonium chloride acidosis and also demonstrated some 


developmental aspects of acid—base control. 

It has been shown before that the kidneys of new-born infants may 
not lower the pH of the urine so rapidly or completely as those of adults 
(McCance & Hatemi, 1961). Piglets in these experiments gave a poorer 
response than new-born infants, but the results were complicated to some 
extent by the diuresis (Cort & McCance, 1954), although this was relatively 
small in the newly born animals. 

The excretion of titratable acid is closely related to the amount of 

5] PHYEIO, CLVII 
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phosphate in mammalian urine and urates in the urine of birds (Wolbach, 
1955), and the minimum pH attainable (Schiess, Ayer, Lotspeich & Pitts, 
1948; Wrong & Davies, 1959). New-born piglets were limited in both 
respects, since they excreted very little phosphate and they did not lower 
the pH of the urine for some hours. Although older piglets excreted 
much larger amounts of phosphate in their urines initially, their response 
was little better because the pH of their urine also rose and, further 
more, the excretion of phosphate decreased after the administration of 
NH,Cl. As the older piglets were given small amounts of anaesthetic 
before the blood was taken, the decrease in phosphate excretion may have 
been due to this (de Wardener, 1958), but the rate of endogenous creatinine 
excretion did not suggest any decrease in glomerular filtration rate 
The possibility of diurnal rhythm of phosphate excretion was also ruled 
out, since in control animals given no acidifying drug phosphate excretion 
did not fall during the day The response of piglets 10-12 weeks old to an 
acute acidosis was therefore unlike that of adult dogs, which trebled the 
rate of excretion of phosphate after being given NH,Cl or (NH,),S8O, 
Cort & McCance, 1954). It has been shown in man that the administra 
tion of phosphates makes no difference to the excretion of total base after 
giving ammonium chloride but it decreases the excretion of chlorides 
(Hatemi & MeCance, 1961). It is suggested that in all species it is the 
output of cations which regulates the quantity of anions excreted in the 
urine after the administration of ammonium chloride. Owing to species 
differences in tubular function, phosphates are preferentially excreted in 
the dog and to a lesser extent in man, but this is not so in the pig, in which 
animal chlorides follow the sodium into the urine to such an extent that 
the excretion of phosphate actually falls. 

Cort & McCance (1954) found that the excretion of ammonia by puppies 
in response to an acidosis had greatly improved by the time they were 
15 days of age. The present study demonstrates that in pigs this was also 
the case between birth and by 10-12 weeks of age. This improvement 
may be due to increased intracellular production of ammonia (Davies & 
Yudkin, 1952: Hines & McCance, 1954: Orloff, 1956), since the average 
values for urinary pH after the administration of ammonium chloride 
were roughly the same at each age. 

New-born piglets are known to excrete Na less freely than new-born 
puppies (McCance & Widdowson, 1958). Without free excretion of potas- 
sium this must limit their output of administered anions, and new-born 


piglets in the present investigation excreted only 14°, of the chloride in 
the NH,Cl, whereas puppies studied by Cort & McCance (1954) excreted 
47°, within 6hr. Largely owing to the increased excretion of sodium 


the older piglets excreted 50°, of the chloride ions within 8 hr. 
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The effect of development on the composition of the serum and extracel 
lular fluids has been studied by Widdowson & McCance (1956) in man and 
pig. These authors reported significantly lower leveis of serum sodium in 
pig foetuses 46 days old (122+ 9-9 m-equiv/l.) than in piglets at birth 
(141+4-8 m-equiv/l.). Serum potassium values, however, were 
17-5 + 2-4 m-equiv/!. in foetal sera and 8-6 + 2-6 m-equiv/l. at birth. In 
the present study, the average concentration of sodium and chloride in 
the serum of the piglets 24-48 h after birth was near to that reported for the 
foetuses in 1956. ‘Normal’ serum sodium concentrations have, however, 


also been found in piglets aged 24-48 h and the cause of the low values 


in piglets from some litters is obscure. The problem will be further 


investigated. The average serum sodium concentration in older piglets was 
nearly equal to that reported at birth by Widdowson & McCance (1956) 
The average values for serum potassium in both the younger and older 
piglets were lower than the average value given for piglets at birth by 
Widdowson & McCance (1956 

The serum electrolyte concentrations found in the present investigation 
may help to explain the electrolyte excretions in the two age groups 
Experimental work in man (Schwartz, Jensen & Relman, 1954; Clarke 
Evans, MacIntyre & Milne, 1955) has demonstrated that the excretion of 
sodium during an acidosis increases very little in sodium-depleted subjects, 
who excrete instead larger amounts of potassium than nermal subjects 
In new-born piglets no increase in sodium excretion was noted after 
NH,CI. Clarke et al. (1955) reported a very small increase in salt-deficient 
men, but the serum sodium levels in their subjects were not as low as 
those now found in new-born piglets. There is, furthermore, an inherent 
difference between the new-born and the adult animals in their readiness 
to excrete sodium. Older piglets which had normal serum sodium and 
potassium concentrations, and probably a relatively adult pattern of 
metabolism, responded by increasing both sodium and potassium excretion 


after the administration of the acidifying drug. 


SUMMARY 

1. NH,Cl was administered to piglets 1-2 days old and to animals 
10-12 weeks old weighing about 15 kg. 

2. In both groups the average pH of the urine rose and did not regain 
its initial level for 5—6 hr. 

3. In new-born animals the excretion of phosphates was at all times 
negligible and that of NH, did not increase significantly after giving NH,CI. 

4. In older animals the excretion of phosphates fell after NH,Cl but 
that of NH, rose significantly. 

39-2 
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5. In new-born animals NH,Ci increased the excretion of potassium 
but not sodium. In older animals the excretion of both cations was 


increased. 
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INTRODUCTION 

It is more than a century since constriction of the lower respiratory tract 
by its intrinsic musculature was demonstrated. Dixon & Brodie (1903) 
recognized that bronchial constriction could be associated with changes 
in lung distensibility, but their experiments did not show the latter change. 
Variations of their technique have since been described, for example, the 
method of Konzett & Réssler (1940). All these methods presented a com- 
posite picture of changing lung distensibility and flow-resistance. Because 
of these methods and their ready application to pharmacological problems 
there emerged the new term ‘pneumo-constriction’ (Delaunois, Dautre 
bande & Heymans, 1956), which embraces in its meaning changes of air- 
way resistance and changes of elastance due to closure of alveolar units. 

In 1939 Bayliss & Robertson described a method of measuring the 
viscous and elastic properties of the lung concurrently, and in absolute 
terms. This work has since expanded into a wide field of pulmonary 
mechanics. 

The aim of the present work is to calculate the mean bronchiolar calibre 
from concurrent measurements of elastance and flow-resistance. 


THEORY 

The elastic properties of a system, such as the lungs, are described by 
the term elastance which is the ratio of impressed pressure change to 
volume change. The term compliance is the reciprocal of this value and 
is the equivalent of the electrical term capacitance. The viscous or flow- 
resistive properties are divided into those due to air flow (airway resist- 
ance) and those due to tissue movement (tissue resistance). 

The airway is visualized in the form of a greatly simplified model. The 


upper part consists of comparatively rigid tubes of constant calibre under 


the conditions of experiment in a thoracotomized animal. This opens into 
a group of tubes in parallel which represent the lower airway. These latter 


* Present address: Department of Physiology, Charing Cross Hospital Medical School, 
London, W.C.2 





612 J.L. DSILVA AND A. F. LEWIS 


tubes are of equal radius, they lack structural rigidity, and have sufficient 
muscle to allow of considerable variation in calibre. Each tube opens into 
an alveolar space, all the spaces being of equal capacity. The tube and 
alveolar space are referred to later as an alveolar unit. 

The following assumptions have been made with regard to the physio- 
logical properties of the system: (a) that tissue elasticity remains constant 
under physiological conditions, (6) that changes in the elastance of the 
lung are due to variations in the number of lower airway units open and 
participating in ventilation, (c) that changes in resistance to gas flow are 
due to changes in calibre of the lower airway tubes together with variations 
in the geometry of the system due to closure of units, (d) lung inertia is 
very small at low frequencies (DuBois, 1953) and may be neglected, and 
(e) lung tissue resistance is small and unlikely to alter (Brody & DuBois, 
1956) 

Let the total resistance of the whole system be FR, and let R,, represent 
that part of the viscous resistance that is unlikely to change during 
bronchoconstriction. It therefore includes the airway resistance of the 


upper airway together with the tissue resistance of the whole lung. Let the 


resistance of each tube in the lower airway be R,, and let the total number 
of tubes in parallel be n. Then, 
l n 
R-R, R&R,’ 
R, 


R ; 
n 


a 


If the total compliance of the system is C and the compliance of each 

alveolar sac is c, then 
l 
n= > 
where A is the elastance of the whole lung. 

The subscript o indicates the resting state, and C,, A, and R, are 
defined as equal to unity; that is, changes in each of these parameters are 
calculated in terms of their respective values in the resting state. The 
subscript ¢ indicates the state at any instant during active broncho- 


constriction. 


Since 
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Equation (1), at time ¢, can be written 
. R,, 


ny 


R, : Rai 


As n, can be expressed in terms of K, and, by definition, R,, does not 
differ from R,,, then substituting in equation (2): 
Kk, 
n,, 
; n, : ; 
whence R,, K (R,—R,,,). (3) 
t 


R 


ao 


For the streamlined flow of gas through a tube, the resistance varies 
inversely with the fourth power of the radius. If the resting radius, r,,,, 
of each tube in the lower airway is defined as unity, then 


R,, 2 rhe 
i 
b 


R 7 


bo 
R, 
and so Ry ==" as 1. 
Tht 


t 


Substituting in equation (3) for R,,: 


a he 
rd (R,— R,,,).- 


Therefore, 


4 K t Ry, 
rs 7 
, Rk, — R, 


But, from (1), written for the resting state: 


nm 


Ww 0 


R,, 


n 


) 


R,—R 


Therefore, 


A 
The 


In the model on which the above calculations are based each 


(4) 


lower 


airway unit is associated with one alveolar unit so that there is a linear 
relationship between elastance and flow resistance. If this simplified model 
closely represents the lung, there should also be a linear relationship 
between lung elastance and flow resistance. 


METHODS 


Guinea-pigs, rabbits and kittens between 0-3 and 0-8 kg were anaesthetized with an intra- 
peritoneal injection of Nembutal (40 mg/kg). The trachea was cannulated and the animal 
was connected to a miniature Palmer ‘Ideal’ respiration pump. Constant volume artificial 


respiration was given, allowing passive expiration, at a frequency which was just sufficient 
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to suppress spontaneous respiration. The peak inflation pressure was adjusted to 12 cm 
water so that the tidal volume was equal to about half vital capacity. 

Expiration was limited by a water valve set at 2 cm water to prevent complete collapse 
of the lungs when the chest was opened. The internal mammary arteries were ligated and 
the anterior chest wall was widely resected. The diaphragm was retracted and branches of 
the phrenic nerve were cut near the diaphragm. The lungs were covered with a thin layer 
of gauze moistened with normal saline, care being taken not to compress any part of them 
'racheal pressures were monitored by an aneroid barometer and this also provided evidence 


of bronchoconstriction 


@A 





Fig. 1. A typical pressure-volume diagram for the lung. The points A, B, C, and D 
sppear successively on the Y axis and denote the tracheal pressures at the instants 
of zero inflation, half inflation, full inflation and half deflation respectively. The 
volume change is shown by the horizontal line below the diagram. The pressures 
at B and D occur at the mid point of the volume change. AC = elastic pressure 


Pg); BD resistive pressure (Pp). 


Another pump, delivering a sinusoidal output on a closed circuit, was used for the measure 

nt of the dynamic pressure—volurre relationships of the lungs. The pump stroke and 
frequency were fixed and a sliding potentiometer, moving synchrenously with the piston 
of the pump, gave an output potential proportional to the displacement of the piston for 
display on the X axis of an oscilloscope. 

rracheal pressure was measured by a capacitance manometer which formed one arm of 
@ capacitance bridge. The output of the bridge, suitably rectified and amplified, was dis 


played on the Y axis of the oscilloscope. 
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Contacts placed at 90° intervals on the final drive shaft of the pump motor indicated 
directly on the oscilloscope the tracheal pressures at the extremes of displacement and at 
mid-displacement of the sinusoidal pump. Figure 1 shows a typical pressure-volume 
outline. The interval between the two points indicating the extremes of displacement gives 
the elastic pressure (Pg) at full inflation, while the interval between the two points at 
mid-displacement gives the resistive pressure drop (Pz) during maximal air flow. 

During artificial ventilation various methods were used to induce bronchoconstriction. 
Histamine was given by aerosol and methacholine by aerosol or by intramuscular injection. 
Aerosols were generated by a Wright nebulizer at an air pressure of 12 lb./sq.in. (0°84 kg/cm”). 
Dosage was related to the time of exposure and the concentration of the solution. Multi 
channel valves were used for rapid change over from one nebulizer to another. 

The course of the lung changes was followed by switching the animal to the sinusoidal 
pump at regular intervals of 30 or 60 sec. A multi-channel valve was used in the change 
over, so that the lungs were always set at 2 cm water. The outlines obtained by display of 
the two out-of-phase potentials on the two axes of the oscilloscope were ellipses after 
allowance had been made for the very slight non-linearity of the capacitance manometer. 
Some gas absorption occurred during the first two cycles of the sinusoidal pump, but stability 
was usually reached by the third cycle, which gave a closed outline, so that the initial and 
final zero-displacement marks were super-imposed, as in Fig. 1. 

The ellipses were photographed and the results read from the film directly by projection 
on a suitably calibrated scale. Thus simultaneous elastance and resistance measurements 
were obtained at known intervals throughout the experiment. 

In other experiments the relationship between resistance and elastance in atropinized 
animals was determined after successive incremental increases of the inflation-volume from 
the artificial-respiration pump. Thus the number of alveolar units in the system was 
increased progressively. After increasing tidal volume the peak tracheal pressure rose, and 
then fell and stability was reached after 2-3 min. Once opened, the rate of closure of the 


newly opened units was very slow. 
RESULTS 
Relationship between resistance to air flow and elastance 
in atropinized animals 


When the tidal volume of positive-pressure ventilation in an animal is 


increased, the pressure generated opens additional alveolar units. Hence 


equation (1) can be written as follows: 
In the resting state 


during increased ventilation, 
R, 


Since 


Figure 2 shows the results of representative experiments in each of the 
three species used. The relationship between elastance and resistance to 
air flow was linear, low values of elastance and resistance being obtained 
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when the tidal volume was high, because more alveolar units were being 
ventilated. When artificial ventilation was carried out at a tidal volume 
of about 28 ml./kg body weight, a minimum value was obtained for 


elastance 


(d) Guinea-pig 


Resistance R 


x $5 
ietisenis 


Elastance K 








(d) Cat 


> is 


os 
.o 
Vv 
c 
a 
ro) 
= 
“ 
vu 
ac 


Elastance K 


relationship between elastance and resistance in 
as the lung flation volume was progressively increased. All the 
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The effect of histamine and methacholine on elastance and 


resistance to aur flow 


Figure 3 shows the changes in elastance and total resistance to air flow 
in response to methacholine injected intramuscularly. Values of A, and 
R, are expressed as multiples of the resting elastance A, and resistance R, 
at the start of the experiment. In this experiment elastance has increased 
twofold and resistance nearly tenfold. The lowest curve represents the 
lower airway calibre r,, calculated from equation (4). This is also expressed 
as a fraction of the resting value r,,. 


This experiment alone does not provide a value for 2, but it is possible 


aa 
to calculate this from the equation to the linear plots shown in Fig. 2. For 
technical reasons it was not possible to obtain a value for #,,, in all 
experiments. The three curves in Fig. 4 have been calculated from 
equation (4) on the assumption that R,, contributes 0-2, 0-5, and 0-7 of 


the total flow-resistance, R,. All the experimentally determined values lie 
within this range. These curves, relating total resistance to radius, are not 
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Fig. 3. Simultaneous values for elastance 


injection of methacholine chloride. The lowest curve shows the calculated change 


in lower airway calibre. Adrenaline was injected intravenously at A and B, and 


atropine at (’. 


0-8} 


10 
Resistance R, 
Fig. 4. Values for lower airway radius r,, calculated by using different values for the 
constant-resistance component R,,. 
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very different whether R,,, contributes 0-2 or 0-7 of the total flow-resistance. 
In subsequent calculations, therefore, a value of 0-5 has been assumed for 
R,,, and, within the above limits, the calculated value of r,, is accurate 
within 12°% 

If the only effect of inducing bronchiolar constriction was to impose 
a progressively greater resistance to air flow, there would have been no 
change in elastance. The observation that elastance has considerably 
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Calculated lower airway calibre r,, plotted against total flow-resistance in 
xperiments. The drugs used to secure changes in bronchial tone and the values 
it when resistance approaches infinity are as follows: (a) Intra- 
ethacholine chloride, limiting value r,, = 0-57. (6) Methacholine by 

ting value r, 0-65. (c) Histamine by aerosol, limiting value r,, = 0-65 


Histamine and adrenaline by aerosol, limiting value r,, = 0-63. 


increased means that the capacity of the system has diminished and this 
could only have come about if tissue elasticity did not vary as a result 
of the closure of some of the lower airway units. 

Figure 5 shows the results of four experiments where various methods 
were used to induce bronchoconstriction. The plots of lower airway calibre, 


ry», against total resistance R, are hyperbolae of the general form 


—. 
a+b R, 
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When R, - infinity, r,, is equal to 1/b. This is the value of r,, which would 

ensure complete closure of the lower airway. This is the critical closing 
calibre. 

In the guinea-pig it was usually easy to take constriction to the mean 

critical closing calibre. At this point measurements became difficult as the 


changes were very rapid and of considerable dimensions. Figure 5a is 
from the same experiment as Fig. 3 and shows a plateau (gradient less 
than 1/100) at r,, = 0-6 approximately. The relatively few observations at 
this degree of bronchoconstriction reflect the speed and instability of the 
changes taking place and not difficulty in obtaining the changes. In some 
experiments a greater than tenfold increase in resistance was achieved. In 


the kitten and rabbit the mean critical closing calibre of the bronchioles 
was not reached, as the large doses of bronchoconstrictor drugs needed 
affected the heart. The results obtained, however, when the resistance 
increased fourfold or more, fell on curves of similar shape, so that calcula- 
tions were made of the values of r,, which were likely to have been reached 
if bronchiolar constriction had proceeded far enough. The values obtained 
were again near to 0-6, which means that when the bronchioles contract 
to about 60°, of their normal calibre, they close suddenly and completely. 


DISCUSSION 

The susceptibility of the guinea-pig to asphyxia during bronchospasm 
has long been assumed to be a direct consequence of the large mass of 
circular muscle around the bronchioles (Macklin, 1929). There is no doubt 
that this muscle can exert sufficient tension to constrict the lower airways 
to their critical closing diameter. After this critical diameter has been 
reached, however, in vivo studies will not provide more information about 
the bronchiolar muscle. 

Martin & Proctor (1958) constructed pressure-volume curves for the 
isolated trachea and bronchi of a dog. Their experimental figures have been 
converted into tension—radius values, and these are shown in Fig. 6. The 
trachea and the two sizes of bronchi studied appear to have an outer 
limiting coat which limits enlargement, so that tension rapidly rises to 
infinity beyond a certain radius. The trachea shows a similar trend upon 
constriction and it seems likely that a structurally rigid inner coat pre- 
vented complete collapse of the tube. 

The two bronchi behaved quite differently on constriction and rapidly 
reached a state of instability from which collapse ensued. This critical 
radius can be estimated from the inflexion of the curves and is about 0-4 
of resting value for the larger bronchus and about 0-7 for the smaller 
bronchus. These values were obtained from fluid-filled airways and they 





J.L. DSILVA AND A. F. LEWIS 


620 
are therefore smaller than would be expected in vivo, where a fluid inter- 
face exists and facilitates closure. 

Similar figures are not available for the bronchioles but it is reasonable 
to suggest that the trend from trachea to small bronchus should continue. 
It appears, therefore, that all the airways have an upper limit of expansion 
due to an outer limiting coat but that the smaller tubes are not sufficiently 
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for pressure and volume measured tn vitro by Martin & Proctor 
expressed in arbitrary units and radius is given as a traction of 


(1958). Tension is 
the resting value. The points of inflexion of the curves for the two smaller tubes 


can only be estimated as there are insufficient measurements in this region. 


rigid to prevent their collapse on constriction. In addition, the smaller 
airways are more distensible than the larger and presumably transmural 
pressures are predominant in determining their normal resting diameter in 


the intact animal. 

The problem of transmural bronchiolar pressures in the intact animal is 
complex. In the thoracotomized animal bronchiolar diameter depends 
upon the balance between its muscle tension, structural rigidity, and the 
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surface tension of its secretions. By Laplace’s law the centripetal force 
due to fluid surface tension increases inversely as the radius. A point will 
then be reached during bronchiolar constriction when this force equals and 
then exceeds the structural rigidity of the tube. At this point of unstable 
equilibrium collapse commences and further active constriction will only 
make collapse more certain. In the thoracotomized animal therefore the 
actual diameter is critical in the absence of externally applied transmural 
pressures. For this reason the index of critical closing diameter is preferred 
in this work to that of pressure. 

A collapsed tube will only expand from the application of an externally 
directed transmural pressure. There is no evidence that re-establishment 
of the airway takes place spontaneously when muscular contraction is 
relaxed. Alveolar units opened by over-inflation stay open for a consider- 
able time after the over-inflation is discontinued—thus the efficacy of a 


yawn. The closure of the newly opened units seems to follow an exponential 


law and an hour or more may pass before elastance returns to the original 
reading. The presence of increased bronchial secretions considerably 
hastens this return. 

It has been shown that asthmatic patients are more sensitive to inhaled 
histamine or acetylcholine than normal subjects, but there is no evidence 
that sensitized animals behave similarly, and it is suggested that the 
concept of critical closure may explain the results in man. Curry (1946, 
1947) measured the vital capacity of asthmatic subjects and showed that 
this was reduced by doses of histamine that were without effect on the 
vital capacity of normal subjects. A change of vital capacity is not an 
indication of altered airway resistance per se and presumably the change 
represents increased elastance due to closure of alveolar units. Radford & 
Lefcoe (1955) quote unpublished observations by Mead that lung air-flow 
resistance could be increased three or fourfold in normal subjects by 
histamine aerosol without concurrent increase in elastance. However, two 
asthmatic subjects showed increases of elastance of 1-4—2 times during 
asthmatic attacks of moderate severity. This may have been due to a 
proportion of the bronchioles reaching their critical closing calibre, the 
process being assisted by increased amounts of bronchial secretion. 


SUMMARY 


1. Values of elastance and flow resistance determined simultaneously 
during bronchoconstriction are shown, on theoretical grounds, to provide 
an index of lower airway calibre. 

2. Experiments are described to support this interpretation and to 


determine this index. 
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3. The significance of the changes is discussed with reference to the 


influence of surface tension upon critical closing diameter. 
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